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~ HYPERSONIC RAMJET RESEARCH ENGINE COMBUSTOR DESIGN 

Milton J. Kenworthy, William C .  Colley and Phi l ip  T. Harsha 

A preliminary aero-therm0 design of the combustion system f o r  the NASA 
Hypersonic Ramjet Research Engine has been completed. 
includes a subsonic hydrogen burner f o r  use a t  f l i g h t  Mach numbers from 3 t o  
6, and a supersonic combustion burner fo r  the f l i g h t  Mach numbers from 5 t o  
8. The preliminary design e f f o r t  was preceded by a conceptual design study 
i n  which possible combustor geometries f o r  a l te rna te  engine sy r t  a ens were 
examined. Both the  conceptual design and the preliminary design depended 
heavily on the experimental background accumulated a t  General Elec t r ic  on 
supersonic and subsonic hydrogen combustion. 

This combustion system 

The preliminary combustor design adequately meets the mission require- 
ments, and  the  combustor's cycle performance and compatibility with other 
engine components i s  substantiated by experimentally ver i f ied  design c r i t e r i a .  

IN!FRODUCTION 
, 
, 

The objective of the present work on the NASA Hypersonic Ramjet Research 
Engine is t o  define the best possible research engine f o r  operation between 
Mach 3 and 8 which has subsonic and supersonic combustion capabi l i ty .  Tfiis 
e f f o r t  is  defined i n  d e t a i l  i n  the NASA "Statement of Work" f o r  Phase I of 
the  "Hypersonic Ramjet Experiment Project, "Conceptual and Preliminary Design 
of the Hy-personic Ramjet" (Reference 1). 

The spec i f ic  e f f o r t  on aero-therm0 combustion supplied conceptual 
designs f o r  a var ie ty  of engine systems so tha t  the best  engine system could 
be selected.  After the engine concept was selected from an overa l l  systems 
standpoint, the  de ta i led  aero-therm0 design of the combustor was completed. 

The experimental background and design methods f o r  supersonic combus- 
t i o n  have been developed only i n  the l a s t  few years. 
with an out l ine of General E lec t r i c ' s  experimental background i n  supersonic 
combustion. 
design features adopted i n  the conceptual and preliminary design e f fo r t s .  

This report  begins 

This experimental background i s  the ju s t i f i ca t ion  f o r  the 

1 I 
L 

1 Page No. 
Property of General Electric Company 

Maintain one inch ride m q i n r .  



r 

GENERAL ELECIRIC COMPANY 

TECHNICAL INFORMATION SERl ES 

NO. ~ 6 6 ~ ~ ~ 5 6  

EXpERlMENTAL BACKGROUND FOR DESIGN 

Large Rectangular Combustor Tests 

1 

During 1962-1963 several  supersonic combustors having rectangular cross- 
sections were tes ted  i n  the Development Test Sub-operation's C e l l  5. 
combustors were 3.5 t o  5 inches i n  width and 6 t o  13 inches i n  height.  
a i r  supply was heated ind i rec t ly  t o  1460°R, then f u t h e r  heated by burning 
with hydrogen t o  temperatures up t o  3000°R. 
most s ign i f icant  a r e  described below: 

These 
The 

O f  these tests, the  two considered 

Wall in jec t ion  combustor - The flowpath of t h i s  combustor is  shown i n  
Figure 1. 
shown. 
hydrogen was introduced on the top and bottom walls. 
rectangular duct 59 inches long followed the diverging section, exhausting 
t o  atmosphere. 

The heated a i r  was expanded through the large area r a t i o  nozzle 
A t  t he  plane where the a i r  Mach number was about 2.0, a f i l m  of 

A constant-area 

This test is described i n  ASD-TDR-63-193 (Reference 2) .  

Wall s t a t i c  pressure measurements made during operation of t h i s  combustor 
a r e  shown i n  Figure 2. 
boundary layers  i n  the  constant area duct separated before t h e  flow reached. 
the  e x i t ,  a s  evidenced by the r i s e  i n  s t a t i c  pressure toward atmospheric. 
separated regions were suf f ic ien t  t o  i n i t i a t e  combustion when f u e l  was 
injected,  despi te  the  r e l a t ive ly  low a i r  stagnation temperature (25OOOR) 
Combustion caused the  separation t o  reposit ion itself f a r t h e r  upstream than 
i ts  nonburning location. With suf f ic ien t  combustion, the separation s tab i l ized  
i n  the  diverging portion of the  duct. 

The measurements with no f u e l  injected showed t h a t  the 

The 

Figures 3 and 4 show prof i les  of l oca l  Mach number and equivalence 
r a t i o  derived from gas samples and impact pressure measurements taken along 
the v e r t i c a l  center l ine of the duct, 13 inches from the in jec tor .  W i t h  
su f f i c i en t  combustion t o  drive the separations upstream of the measuring 
s ta t ion ,  t he  separated regions appear i n  the Mach number p ro f i l e s  as large 
regions of low Mach number adjacent t o  the walls. The equivalence r a t i o  
p ro f i l e s  show t h a t  most of the  f u e l  was concentrated i n  the separated 
regions. 

From t h i s  t e s t  it was learned t h a t  r e l i ab le  autoignition data i n  
supersonic streams could not be obtained unless the f a c i l i t y  exhaust 
pressure were low enough t o  assure f u l l  flow i n  the duct p r io r  t o  combustion. 
It was a l so  evident t h a t  an observed pressure rise i n  a combustor did not 
necessarily mark the  location of autoignition of the  fue l - a i r  mixture, a s  
it could a l so  be caused by combustion-induced boundary separation with 
recirculation-type flame s t ab i l i za t ion .  

L J I '  
P w N a  2 
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St ru t  inject ion combustor - The "s t ru t"  of t h i s  combustor spanned i t s  
narrow dimension, and extended forward through the throat  of the a i r  supply 
nozzle, as  shown i n  Figure 5. 
leading edge. 
strut near i t s  t r a i l i n g  edge, as  shown i n  Figure 6. 
heat the hydrogen by burning d i r ec t ly  with oxygen. 

Thus, the s t r u t  was e f fec t ive ly  without a 
Hydrogen was injected frorl elongated j e t s  i n  the sides of tho 

Provision was made t o  

This test  is  described i n  APL-TDR-64-21 (Reference 3 ) .  

Wall s t a t i c  pressures measured during operation of t h i s  combustor a re  
shorn i n  Figure 7. With room temperature fue l ,  the  pressure rise indicating 
onset of combustion occurred well a f t  of the injector ,  the distance decreas- 
in& with increasing fue l  flow. 
reparated boundary layer.  With heated fuel ,  combustion occurred i n  the  
v ic in i ty  of the f u e l  injector ,  and the steep pressure gradients indicat ive 
of separation were absent. 

Combustion was presumably s t ab i l i zed  by a 

Fuel concentration prof i les  measwed 18 inches a f t  of the  in jec tor  
(Figure 8) showed appreciable j e t  penetration. 
measured near the combustor exit showed f u l l y  supersonic flow, even with 
boundary separations present fur ther  upstream i n  the  burner. 

Mach number prof i les  (Figure 9 )  

Cylindrical Combustor Model Tests 

During 1964 and 1965, a series of water-cooled models of supersonic 
combustors were t e s t ed  i n  the  Hypersonic Arc Tunnel f a c i l i t y ,  i n  a program 
aimed a t  empirically developing an aerothermodynamic design su i tab le  f o r  
application t o  a ramjet engine f o r  f l i g h t  speeds between Mach 6 and Mach 12. 
The models were of c i rcu lar  cross-section, with a three inch inlet  diameter. 
A i r  f romthe  a rc  heater  was introduced a t  Mach numbers of 2.75 and 3.25, 
s t a t i c  pressure normally 7 psia,  and stagnation enthalpies simulating various 
f l i g h t  speeds from Mach 5.5 t o  Mach 10.1. 
Introduced a t  room temperature. 
chamber. 
pressure and gas samples and impact pressure surveys a t  the  discharge plane. 

Gaseous hydrogen f u e l  was 
The combustors exhausted t o  an evacuated 

Combustor measurements consisted pr incipal ly  of wall s t a t i c  

This program is  documented i n  APL-TR-65-103 (Reference 4) .  

The combustor models tes ted had e x i t  areas la rger  than t h e i r  i n l e t  
areas. The models were c l a s s i f i ed  according t o  the  manner i n  which the  
area diverged. The f irst  group, tePmed s tep  combustors, took the  e n t i r e  
area change a t  a s ingle  plane near the burner entrance. 
the conical combustors, had walls t h a t  diverged i n  a s t r a igh t  taper  over 
most of the length of the burner. 
features of the  f irst  two groups. 

The second group, 

The step-cone combustors combined 

L 
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Step combustors - Typical s tep  combustor ccnfigurations a r e  sketched 
i n  Figure 10. 
such configuration a re  shown i n  Figures 11 and 12. 
pressure on tke base of the  s tep was normally low, increasing only when 
sufficient combustion occurred t o  choke the  combustor e x i t .  
accomplished a t  the lower enthalpy leve ls  of Figure 11, but required higher 
fue l  flows a t  the higher enthalpy levels  of Figure 12. The disturbances t o  
the flow negotiating the s tep had a beneficial  e f fec t  on mixing, producing 
high combustion e f f ic ienc ies  shown i n  Figure 13. 
the overal l  t h rus t  po ten t ia l  was degraded by t h e  low step base pressures a t  
high enthalpy levels ,  as  shown i n  Figure 14. 

Wall s t a t i c  pressure measurements made during operation of one 
It was found tha t  the 

This was readi ly  

Despite the high efficiency, 

3 
I 

1 

With a i r  enthalpy leve ls  below about 1200 ~ , / l b m ,  autoignition of the 
room temperature hydrogen did not occur, even though the f u e l  jets were 
directed normal t o  the a i r  stream and a large wake region was provided behind 
the s tep.  
pressure i n  the chamber t o  which the combustor exhausts t o  separate the 
combustor boundary layers .  
choke the burner e x i t ,  the burning would remain s tab le  when the exhaust 
pressure was again lowered. 
combustors, but is impractical f o r  f l i g h t  combustors i n  engines without 
variable exhaust nozzles. 

It was found t h a t  igni t ion could be accomplished by elevating the 

If suf f ic ien t  combustion were established t o  

This technique was su i tab le  f o r  ign i t ing  t e s t  

Several flightworthy igni t ion techniques were ident i f ied,  including a 
short-duration solid-propellant gas generator, This car t r idge injected a 
charge of hot gas in to  the combustor suf f ic ien t  t o  momentarily choke the 
flow, i n i t i a t i n g  combustion with a i r  enthalpies of 750 BTU/lbm. 
car t r idge arrangement is  sketched i n  Figure 15. 
s t .a t ic  pressure measurements before and a f t e r  f i r i n g  the ign i t e r .  

The 
Also  shown are  wall 

Conical combustors - A typ ica l  conical combustor configuration is  
-. sketched i n  Figure 16. . -  

The conical combustors functioned sa t i s f ac to r i ly  only over a narrow 
range of simulated f l i g h t  speeds. 
injected j u s t  a f t  of the s t a r t  of the taper,  the pressure gradients induced 
by combustion were suf f ic ien t  t o  separate the burner i n l e t  stream, a s  shown 
i n  Figure 17. 
rapid area divergence f o r  low enthalpy levels. A t  s l i gh t ly  higher enthalpy 
levels ,  the pressure gradients were d ra s t i ca l ly  reduced, as shown i n  
Figure 18, becoming too gentle t o  promote rapid mixing. Strong pressure 
gradients were restored by moving the point of f u e l  inject ion forward of 
the  s t a r t  of the taper,  but t he  tendency t o  separate the i n l e t  returned. 
This is a l so  shown i n  Figure 18. 
gradients could not be induced w i t h  only one diameter of constant-area 
duct between fue l  in jec tor  and s t a r t  of taper,  a s  shown by the measurements 
i n  Figure 19. 

A t  low enthalpy levels ,  w i t h  f u e l  

This behavior was interpreted t o  indicate the  need f o r  more 

A t  very high enthalpies, strong pressure 

1 
I 
I 
J 
z 
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cLack:oi?_strong flow disturbances t o  promote mixing resu l ted  i n  
-?elat ively low combustion e f f ic ienc ies  fo r  the  conical combustors, a s  shown 
r i i l  F2gure 13.- This was compensated by higher wall  pressure forces,  so t h a t  
: the-thrust  po€ent ia l  was comparable t o  t h a t  of the  s t ep  combustors under 
: szimilar. operating -conditions (Figure 14). 

. . _  

._ -. .. ?, - -- ..._-I- --. 
1-Step-cone combustors - The step-cone combustors contained a small s t e p  

near t h e  burner entrance, followed by a s t r a igh t  taper  over the  remainder of 
*he burner length.  
between the a b i l i t y  of t he  conical combustors t o  maintain high wall  pressure 
forces a t  high enthalpy l eve l s  and the resis tance t o  i n l e t  separation of the 
s tep  combustors. Al t yp i  

These fea tures  represented an attempt t o  f i n d  a compromise 

step-cone combustor is  sketched i n  Figure 20. 
- ~ _. --.- . ..  - L - -._ - 

2- 

--:€lie comparison i n  Figure 21-of w a l l  pressure measurements with conical and 
-;Enproved resis tance t o  i n l e t  separation was real ized,  a s  is evidenced 

--s t epkone  combust 

- -  Although wa 

under s imilar  conditions. 
~ - -  - - - -  

pressure forces  were higher than those of the  s t ep  
combustors, the  pressure gradients desired f o r  promotion of mixing s t i l l  
diminished with increasing enthalpy leve l ,  a s  shown i n  Figure 22. 
res tora t ion  of the  pressdre gradients was accomplished by advancing the 
f u e l  in jec t ion  f a r the r  forward a t  the s tep,  as shown i n  Figure 23. It 
was concluded t h a t  high performance over a wide range of f l i g h t  speeds 
would-require staging of the  f u e l  inject ion:  
f l i g h t  speeds would provide strong pressure gradients by placing the  
combustion i n  a constant-area duct,  and in jec t ion  f a r t h e r  a f t  a t  low 
speeds would provide the  area r e l i e f  required t o  avoid inlet  separation. 

P a r t i a l  

in jec t ion  f o r  forward a t  high 

. Both the  combustion eff ic iency and the  th rus t  po ten t i a l  of t he  s tep-  
cone combustors were generally high a t  moderately high enthalpy leve ls ,  a s  
shown i n  Figures 13  and 14. 

c 
* -  

Two-Dimensional Combustor Tests 
- - -  . - -  

In  1965 and ea r ly  1966, supersonic combustion t e s t s  were conducted i n  
burners having rectangular cross sections,  5 1/2 inches wide with burner i n l e t  
heights of one-fourth inch and one-half inch. 
of these burners c losely simulates the  geometry of a sec tor  of an annular 
burner. 
sec tor  burners. 
between two-dimensional burners and burners having c i r cu la r  cross  sect ions,  
so t h a t  the  design c r i t e r i a  developed f o r  t he  c i r cu la r  cross sect ion burners 
could be generalized t o  apply t o  two-dimensional burners o r  t o  annular 
burners. The experimental data from t h i s  invest igat ion i s  reported i n  

The two-dimensional flow path 

Figure 24 indicates  the  shape and f u e l  i n j ec to r  locat ion i n  these 
The purpose of these tests was t o  demonstrate the similarities 

R66FPD57, (Reference 5 ) . - _ .  
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Figure 25 compares the wall s t a t i c  pressure measurements from two 
tests. One t e s t  was with the s tep  cone burner j u s t  discussed above, and 
the other tes t  was with a two-dimensional burner. The s imi la r i ty  i n  the  
wall s t a t i c  pressure f i e l d  is  obvious. The r e l a t ive  s i ze  of the two 
combustors is depicted i n  Figure 25, i l l u s t r a t i n g  tha t  the burner s imi l a r i t i e s  
ex i s t  over a wide range of s izes .  The annular contour i n  the NASA preliminary 
design engine was made two-dimensional arid compared i n  Figure 26 with two of 
t h e  tes ted  burner configurations scaled t o  the same inlet .  height. 
r a t i o s  i n  the tes ted  burners are  s imilar  t o  those adopted f o r  the preliminary 
design. 

m 
The area 

The t e s t ing  was next conducted on a burner having a smaller i n l e t  
height, 0.27 inches compared with the previous 0.5 inch high burners. This 
tes t  was conducted primarily t o  be sure tha t  the t e s t ing  included burner 
'heights as  small as those expected i n  the preliminary design engine a t  Mach 
8 f l i g h t  conditions. Figure 27 presents the s t a t i c  pressures f o r  t h i s  0.27 
inch high configurati0n;the s imi la r i ty  with the curve i n  Figure 25 is  
apparent. 

This t e s t ing  a l so  established some burner blowout l i m i t s .  
presents the  low pressure blowout l i m i t s  obtained f o r  one configuration. 
maximum a l t i t u d e  conditions f o r  the  X - 1 5  f l i g h t  envelope a re  shown f o r  
comparison. 

Figure 28 
The 

The blowout l i m i t s  of the burner a re  seen t o  exceed the 2 envelope l i m i t s  of the X-15.  

The t e s t ing  with these two-dimensional burners a l so  included t e s t s  
with a subsonic burner ins ta l led  downstream, i n  order t o  investigate ign i t ion  
a t  low f l i g h t  Mach numbers. 
t ion .  
Ignit ion was accomplished with a car t r idge very s imilar  t o  t h a t  used f o r  
the step combustor igni t ion t e s t s ,  but with less propellant charge, 6.2 
grains instead of 10.5 grains. 
f l i g h t  conditions while these two-dimensional burner t e s t s  were near Mach 3 
f l i g h t  conditions; the a i r  t o t a l  temperature was below 5009. 

Figure 29 shows the flow path f o r  t h i s  configura- 
Figure 30 shows the wall  s t a t i c  pressures before and a f t e r  igni t ion.  

The s tep combustor tests were a t  Mach s i x  

Fuel Penetration Tests 

High temperature j e t  penetration t e s t s  - During 1963, extensive 
t e s t ing  was performed i n  t h e  Hypersonic Arc Tunnel f a c i l i t y  t o  study problems 
associated with inject ion of hydrogen from a wall in to  a high-temperature 
supersonic a i r  stream. This test  program was docurriented i n  APL-TDR-64-21 
(Reference 3). 
wedge leading edge. 
about 5000°R and a s t a t i c  pressure of about 2.5 psie. flowed e c r m s  the p l a t e .  

The fue l  jets were b u i l t  in to  a f l a t  p la te  w i t h  a sharp 
A Mach 3.5 a i r  stream having a t o t a l  temperature of 

I 
I 
i: 
c 
E 
c 
1 
8 

A wide var ie ty  of je t  geometry was studied, including s ingle  sonic D 
normal jets, transverse rows of round sonic normal j e t s ,  round oblique 
supersonic j e t s ,  and supersonic normal s l o t s  aligned with the flow. 
oblique supersonic jets produced good penetration, Figure 31,and provided 
fuel-nozzle thrus t ,  but would not autoignite under the conditions employed. 
The normal supersonic s l o t s  penetrated and burned well, Figure 32, but 
Provided no f u e l  nozzle th rus t .  

The 

J 
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LOW temperature je t  penetration t e s t s  - During 1964, tests were 

performed t o  fu r the r  explore the penetration of gas j e t s  in to  a supersonic 
stream. These t e s t s  used a Mach 3.25 wind tunnel with a rectangular test  
section. A i r  temperature was only s l i gh t ly  above ambient. The penetrating 
jets were located i n  a f l a t  p l a t e  model t ha t  spanned the tes t  sect icn.  
Penetration measurements were primarily by Schlieren photographs, although 
some gas sampling and recovery temperature probing was done. A typ ica l  
Schlieren photo i s  shown i n  Figure 33. The injected gases were a i r  and 
helium. These tests a re  reported i n  APL-TR-65-103 (Reference 4 ) .  

r 

Numerous je t  shapes were studied, including s ingle  round sonic and 
supersonic holes, and long rows of holes aligned with the a i r  flow. 
normal and oblique jets were u t i l i zed .  
sonic jets were correlated by the equation: 

Both 
The measured penetrations of s ingle  

Free Stream ikxnentum) 
(Penetration Distance) , - Z 
(Effective Jet Diameter) De* 

The penetrations of long rows of sonic jets were correlated by the 
equation : * 

While the  f r e e  stream Mach number was not varied i n  these t e s t s ,  t.he ' 

first equation correlated w e l l  the  data of other investigators who had used 
a wide range of Mach numbers, as  shown i n  Figure 34. 

Other important observations from these:-tests were: 

1. High inject ion pressures a re  not necessary t o  obtain good penetra- 
t ion;  large,  low-pressure j e t s  penetrate as  f a r  a s  small, high- 
pressure jets having the  same flow. 

2 .  Oblique sonic jets with moderately excessive inject ion pressure 
penetrate as  w e l l  as normal j e t s .  

3.  N l y  expanded supersonic jets penetrate f a r t h e r  than under- 
expanded sonic j e t s .  

4. Penetration increases w i t h  the  fourth root of the in jec tan t  
temperature. 

Subsonic penetration t e s t s  - Figures 35 and 36 show the  j e t  penetraticn 
correlat ions determined from choked-jet t e s t s  with hydrogen and argon. 
work is locumented i n  R64FPD341, (Reference 6) .  For these tests, the 
variable y i n  the  f igure  is the  distance t o  the peak of the f u l l  concentration 
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I 
measured normal t o  the  main a i r  flow. These data ver i fy  the  form of the  j e t  
penetration equation presented by Shandarov, (Reference 7 )  and a r e  used t o  
predict  the locat ion of the f u e l  j e t  peak a t  points downstream from the  f u e l  
injector .  

P 

Mixing Tests 

hw-speed mixing t e s t s  - During 1963, experimental data were acquired on I 
the mixirig of p a r a l l e l  f lovs of d i f fe ren t  density gases, with an i n i t i a l  
boundary layer  i n  one strzam. 
(Reference 3) .  
tunnel, with p a r a l l e l  secondary flow introduced through a one-inch high step- 
s l o t  formed i n  the  tunnel f loor .  

These tests was aocmented i n  APL-TaR-64-21 
The apparatus consisted of an 18 inch, square, low-speed wind n 

Injected gases were a i r ,  helium, and Freon-12. 

Typical measurements of the width of the mixing zone a re  shown i n  
Figur2 37, f o r  a i r  inject ion,  and i n  Figure 38, f o r  helium and Freon inject ion.  
Shown f o r  comparison is the theore t ica l  curve f o r  constant Zensity. 
concluaed t h a t  tbe e f f ec t  of stream density on the  spa t i a l  extent of the 
mixing region was secondary, but t ha t  the approach boundary layer  had a 
pronounced e f f ec t .  The approach boundary layer  caused faster-than-Fredicted 
mixing with injectant  veloci ty  equal t o  o r  greater  than free-stream velocity.  
This helped explain much of the d i f f i c u l t i e s  observed iE the l i t e r a t u r e  i n  
comparing mixing data i n  cocurrent f lov  with simple theories  based on the 
shear between the two sfreams. 

It was 

Correlation of supe'rsonic mixing r e su l t s  - Tiie combustion e f f ic ienc ies  
f r o m  the s tep  combustor mentioned previously were primarily mixing limited. 
These ef f ic ienc ies  were conpared with mixing leve ls  predicted from a shear 
mixing theory and were found t o  be i n  reasonable agrcem2nt. Figure 39 shovs 
the  ciata points compared with the  theory. This mixing theory accounts f o r  
t h e  density and s t a t i c  pressure gradients created by the combustion process. 
The theory predicts  increased mixing f o r  conditions t h a t  involve s t a t i c  
prassure rise through the  bwner .  
mixing rbtes found.xith burner t e s t s  having low prsssure risP o r  having a 
s t a t i c  pressure drop through t h e  burner. 
theory and the derivation of some simplified expressions is 
4n Am-TR-65-103 (Reference 4 ) . 

This was consistent w i t h  the very low 

The explanation of t h i s  mixing 
documented 

Subsonic combustor analysis - Ufider Contract AF 33(615)-13~4, a 
de ta i led  approach f o r  designing subsonic hydrogen combustors was developed 
and supported with experimental s tudies .  
Of conbastor performance data w i t h  a var ie ty  of f u e l  in jec tor  configurations 
involving systematic var ia t ion of per t inent  variables such a s  f u e l  i n j ec to r  
strut spacing, f u e l  injector  hole s ize ,  and burner length. 
obtained and correlated on the  penetration of hydrogen in to  subsonic 
streams,and appropriate mixing equations were introduced in to  a machine 
program. 

This work included accumulation 

Data were 
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Figure 40 shows, i n  schematic form, the  overal l  plan f o r  the  
combustor analysis i n  terms of the geometric and gas dynamic variables.  
A s  shown i n  Figure 40, the  elements are  connected t o  y ie ld  a combustor 
performance analysis  f o r  a par t icu lar  s e t  of geometric and gas dynamic 
variables,  the geometric and gas dynamic variables can be used t o  
generate sets of parametric curves. 

r 1 

The combustion model i s  t rea ted  as a step-wise,one-dimensional mixing 
Frocess. 
assumed constant (across the  burner cross sect ion) .  
%ions a r e  not constant. Each loca l  point i n  the  combustor i s  assumed t o  be 
a t  thermo-chemical equilibrium with the dissociated gas thermodynamic 
propert ies  associated with the s t a t i c  pressure, s t a t i c  temperature and fue l -  
a i r  r a t i o  a t  the point.  

A t  a specif ied length, the strepm velocity and s t a t i c  pressure a re  
The l oca l  f u e l  concentra- 

Deleting many of the  de t a i l s ,  the program uses the  following relat ions:  

Mass Balance 
Energy Balance (Continuity) 
Momentum Balance ( fo r  a variable area duct) 
Fuel Distribution from Source Geometry 
hcrbulent Diffusion Mixing 
Penetration from Fuel Jet 
Spray Bar Pressure Losses 
Fuel Injector  Orifice Relations 
Condensed Thermodynamic Properties of Hydrogen-Air Mixtures 
Area Variations 

These' re la t ions ,  taken together, provide a means f o r  a numerical i t e r a t i v e  
c n l c d a t i o n  of the combustor process. 

The f u e l  from separate jets mix into a uniform mixture by turbulent 
eddy diffusion. Differentiation of the single point source diffusion 
e quat ion, 

W f  
f =  e 

4n \la' Ex 

-R2V - 
4Ex 

Where: f = l oca l  fue l - a i r  r a t i o  

R = distance from peak t o  point under consideration 

X = mixing length 

V = stream veloci ty  

E = eddy d i f fus iv i ty  

W 

Wa = a i r  flow r a t e  per uni t  area 

Page No. 9 
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r 
Leads t o  the p a r a l l e l  re la t ions ,  

1 

d ( I n  f )  - -V 
dR2 4Ex 

- -  

and 

we v 
f R = O =  A 

4 ‘IT W a l  Ex 

where values of E can be determined by experiment. 

The r e su l t s  of the computer program have been ver i f ied  by combustor 
t es t .  The predicted f u e l  d i s t r ibu t ions  a re  not quite as  good as those by 
tes t .  However, the loca l  experimental e f f ic ienc ies  a re  below those assumed 
i n  the  program,so t h a t  the  net e f f ec t  is t h a t  the program predicts  s l i g h t l y  
lower overa l l  performance than i s  found experimentally, (References 6 acd 8). 

, 
I 
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COMBUSTOR CONCEPTUAL DESIGN STUDIES 

Introduction 

The SCRAMJEX' component development work performed over the four  years 
preceding the NASA engine study, outlined i n  the previous section of t h i s  
report ,  had resul ted i n  the ident i f icat ion of design c r i t e r i a  f o r  workable 
supersonic combustor designs. 
of the  concept of a combustor incorporating a wall step, followed by a 
diverging section, t o  get optimum area f o r  burningvivkox- g&e 
i n l e t  flow; uti- ..-- oncept of fueJL.in jec_S_i~~-fcQm,a...mlL.and,x 
Lorma1 t o  the airstream; u t i l i za t ion  of a c a r t r i d g e m i o n  a c e ;  and the 

L-injector- pe netra t. ion and e s  tab1 i - tmes  ign c r - i -  
mixing len-. 
combustors which included these design features,  as  i s  documented i n  
Reference 4. 

These c r i t e r i a  included the establishment 

_-. ..&C 

Good performance was experimentally demonstrated f o r  

The conceptual design study portion of the work performed during t h i s  

In  evaluating these combustor geometries, one of 
contract involved consideration of a l l  reasonably a t t r ac t ive  poss ib i l i t i e s  
f o r  combustor geometries. 
the primary considerations was achieving the required performance a t  Mach 8. 
The performance goal s e t  was high, and achieving the goal was d i f f i c u l t  i n  
a l l  geometries considered. 
systems analyses , i t  was c lear  t ha t  the smallest permissible combustor flow 
area ~ would have t o  be used i n  the supersonic combustor of the NASA engine 
a t  Mach 8. 
requirement t h a t  the engine capture a large percentage of the airflow and 
operate a t  stoichiometric fue l -a i r  r a t io s  a t  t h i s  f l i g h t  condition, which 
meant t h a t  a t  Mach 4 the  combustor had t o  have greater  flow passage area 
than was desirable  a t  Mach 8. 

From the  design c r i t e r i a  evolved through previous 

A t  the  same t i m e ,  the performance goals a t  Mach 4 led t o  the 

Thus the system analyses and c r i t e r i a  
developed during component tes t ing  required t h a t  variable .--__ . geometry be 
incorporated in to  the combustor. - -.- 

I _  

The incorporation of a variable geometry combustor would notrby 
i t se l f , so lve  the problem of meeting the performance goals. For example, - since wall f r i c t i o n  lo s s  results i n  s ignif icant  performance loss  t o  the  
engine cycle, minimizing the surface area and length of the combustor 
passages a l so  became a governing fac tor  i n  the combustor conceptual design. 
Furthermore, the interact ion of the combustor with other engine systems 
had t o  be considered. Since the engine is  regeneratively cooled, a high 
heat t r ans fe r  r a t e  leads d i r ec t ly  t o  a high f u e l  flow r a t e  i n  order t o  
keep combustor wall temperatures within the  l i m i t s  of available materials.  
Such a high f u e l  flow r a t e  e i the r  prevents the engine from being tes ted  
a t  low equivalence r a t io s  o r  requires t h a t  some of the cooling flow bypass 
the  engine, thus incurring a performance loss  due t o  heat l o s s  from the 
engine cycle and a l so  resul t ing i n  shortened f l i g h t  times due t o  higher 
f u e l  consumption. A s  with f r i c t i o n  losses ,  t he  solution t o  the problem 
of reducing the heat t r ans fe r  i n  the engine l ies  i n  the  direct ion of reducing . 
the  wetted surface area of the  combustor. The combustor conceptual design 
then not only had to sa t i s fy  the performance c r i t e r i a  developed.by systems 
analyses and previous component tes t ing ,  but a l so  had t o  iden-bify means of 
reducing the  combustor surface area and thus means of minimizing the  
L '  
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heat load and f r i c t i o n  losses.  

1 

The engine concept or ig ina l ly  suggested i n  the Phase I proposal, which 
w i l l  be discussed i n  more d e t a i l  below, included both a variable inlet  and a 
variable exhaust nozzle. 
apparent t ha t  the elimination of t h i s  nozzle could r e su l t  i n  a s ign i f icant  
reducsion i n  cooling requirements, accompanied by acceptable changes i n  
performance. The most s ignif icant  performance decrements t h a t  resul ted 
from the elimination of the variable exhaust nozzle occurred i n  the  subsonic 
mode, where the lack of a variable nozzle t o  decrease the flow area a t  high 
f l i g h t  speeds resulted i n  supercr i t ica l  operation of the engine i n l e t  and 
resul t ing lower performance. 

Very ear ly  i n  the conceptual design study it Secame 

Another function of t h i s  variable nozzle was t o  insure ign i t ion  a t  
M = 3 f l i g h t  conditions by creating a high s t a t i c  pressure and subsonic 
flow i n  the burner region. The burner could then be igni ted by a flame 
source. With the elimination of t h i s  nozzle, sa t i s fac tory  ign i t ion  by a 
simple flame source could no longer be expected. 
component t e s t ing  had ident i f ied an explosive igni t ion device t h a t  was 
capable of ign i t ing  a flowing supersonic stream, and thus a fea ture  of 
a l l  subsequent combustor concepts was the provision f o r  an ign i t ion  source 
of t h i s  type. 

However, previous 

When the conceptual design portion of t h i s  study was in i t i a t ed ,  the 
supersonic combustors developed and tes ted  a t  General Elec t r ic  a l l  had burner 
inlets of c i rcu lar  cross section, 3 inches i n  diameter. Thus, some e f f o r t  
was directed toward achieving burners closely re la ted  t o  the  c i rcu lar  
burners tes ted  during 1964-65, i . e . ,  having burner flow passage heights 
comparable with the 3-inch diameter burners, and possibly having c i r cu la r  
o r  nearly c i r cu la r  cross section. 
having the highest confidence leve l  based on available experimental 
confirmation. However, ear ly  consideration of annular combustor concepts 
led t o  the  i n i t i a t i o n  of a component tes t  program using a two-dimensional 
combustor design t o  simulate a sector of an:araular passage. After these 
two-dimensional burners with smaller burner passage heights had been 
successfully tes ted,  e f fo r t s  t o  maximize t h e  burner height dimensions 
were primarily re la ted t o  high a l t i t ude  f l i g h t  l imitat ions and residence 
time f o r  recombination. 

This would have provided a design 

. . The following discussion of the conceptual design e f f o r t  f o r  
combustors i n  the NASA engine can be conveniently broken down in to  the 
major types studied: 

1. hisymmetric engines such as  the  or ig ina l  baseline engine. 

2. Two-dimensional ___ - -- symmetric designs. 

3. 

- - - _  _. 
--I 

b 

Other concepts, both two-dimensional and three-dimensional. 
. -  -- ~ 

a d  

L 

GT 2063-CI (10-92) 

J 
Page No. 12 

Pmperty of General Electric Company 
Miinbin one inch ride marghr. 



GENERAL ELECTRIC COMPANY 

TECHNICAL INFORMATION SERIES 

NO. R66FPD56 
r 1 

The combustor concepts discussed i n  the following sections do not 
necessarily correspond t o  the various overal l  engine concepts t h a t  were 
considered during the conceptual design phase of t h i s  study. The combustor 
conceptual design study was intended t o  investigate how well the c r i t e r i a  
t h a t  had been developed t o  meet the performance goals could be applied t o  
many d i f fe ren t  combustor configurations; thus configurations were considered 
t h a t  do not necessarily pa ra l l e l  those tha t  were extensively studied from an 
overal l  engine system standpoint. 

1 
I 
I 
I 
I 
I 

I 

I 
a 

Application of Previous Experience t o  the Combustor Conceptual Design 

A s  mentioned i n  the introduction t o  t h i s  section, the four  years of 
SCFiAMJET component development work t h a t  preceded the i n i t i a t i o n  of the  
design s tudies  reported here had resul ted i n  the  ident i f ica t ion  of c r i t e r i a  
f o r  the  design of a high performance supersonic combustor. The discussion 
t h a t  follows w i l l  point out  those design features  developed during component 
t e s t ing  t h a t  were applied t o  every combustor concept studied. 

A l l  combustor concepts considered featured f u e l  inject ion from the 
combustor wall  i n  the  supersonic mode. 
from a combustor wall was conclusively demonstrated during component 
tes t ing ,  a s  is documented i n  Reference 4. 
demonstration of the f e a s i b i l i t y  of wall inject ion and i t s  incorporation 
i n  the  NASA engine design i s  t h a t  it obviates the necessity f o r  f a e l  
in jec t ion  s t r u t s  i n  the supersonic combustor with t h e i r  attendant problems 
of cooling, s t ruc tu ra l  design, and the  bu i l t - i n  performance lo s s  involved 
i n  the incorporation of a s t r u t  i n  a supersonic stream. Because of the small 
supersonic burner passage height available i n  most 0" +be Toncepts 
examined, useful f u e l  inject ion s t r u t s  would be too t i n y  to be s t ruc tu ra l ly  
possible. With a l l  f u e l  injected from wall injectors  the c r i t e r i a  f o r  
a t ta in ing  adequate mixing can be expressed i n  terms of duct diameters. 
The various design concepts were therefore compared using equal burner 
lengths i n  terms of duct diameters 
diameter at the burner i n l e t ) .  

The f e a s i b i l i t y  of f u e l  inject ion 

The very r e a l  advantage of the 

(length divided by hydraulic 

The wall s tep  tha t  is  included i n  every supersonic design concept 
discussed below has been shown, as  i s  discussed i n  Reference 4, t o  have 
important functions. The pressure rise i n  the combustor t h a t  r e su l t s  
from supersonic combustion can cause a combustion induced i n l e t  uns ta r t  
if no provision is made f o r  keeping t h i s  pressure r i s e  from propagating 
upstream. This problem i s  par t icu lar ly  acute if  the supersonic combustor 
is  located close t o  the i n l e t  throat ,  as  it must be t o  minimize heat 
t r ans fe r  and f r i c t i o n  effects .  Previous component t e s t ing  has 
shown, however tha t  the problem of combustion induced i n l e t  unstar ts  can 
be avoided by the  incorporation of a wall  s tep  near the f u e l  in jec tor  
locat ion i n  the  supersonic combustor (see Figure 21). 
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CQmponent t e s t i n g  and systems analyses have a l so  shown t h a t  a 
diverging-area, supersonic combustor is  desirable  a t  low f l i g h t  b c h  
numbers and t h a t  t h i s  divergence should decrease a s  the  f l i g h t  Mach number 
increases. 
concept, i n  combination with proper wall  contouring, allows t h i s  requirement 
t o  be s a t i s f i e d .  Final ly ,  autoigni t ion c r i t e r i a  developed during the course 
of previous t e s t ing ,  and the development of an ign i t ion  device, provided the 
basis  f o r  a solut ion t o  the  ign i t ion  problem a t  the s t a r t  of conceptual 
design. 

I_ -- 
r 

The incorporation of variable eombustcr geometry i n  a combustor 
- -- 

Axisymmetric Designs 

Elimination of the  exhaust nozzle va r i ab i l i t y ;  ign i t ion  techniques - 
The f i rs t  concept considered, Figure 41, was an axisymmetric design with a 
var iable  inlet  and nozzle, such a s  was presented i n  the  Proposal f o r  Phase I. 
In  t h i s  concept the supersonic combustor i s  located i n  tandem with and upstream 
of the subsonic burner; both combustors have an annular flow passage. A l l  
f u e l  in jec tors  i n  t h i s  concept a r e  located i n  the combustor walls,  with 
f u e l  in jec t ion  i n  the  supersonic combustion mode being accomplished by 
in jec tors  located i n  the  outer  wall  i n  the region of the s tep .  Additional 
supersonic combustor f u e l  in jec t ion  i s  accomplished from in j ec to r s  located 
i n  the.out.er wal l  of t he  combustor a t  the entrance t o  t h e  constant area 
sect ion.  I n  subsonic combustion operation, f u e l  in jec t ion  is  incorporated 
i n  both inner and outer  walls a t  the entrance t o  the annular, constant area 
burner. The var iable  exhaust nozzle, incorporated as  pa r t  of t h i s  design, 
not only optimized performance over t h e  required f l i g h t  Mach number range, 

' 

but a l so  aided ign i t ion  i n  the subsonic combustion mode. 
var ia t ion  capabi l i ty  acted t o  provide subsonic flow i n  the combustion region, 
thus simplifying subsonic burner igni t ion.  

The nozzle area 

- - .  -> Early cooling analyses showed t h a t  the equivalence r a t i o  required t o  
cool t h i s  design was excessively high. 
engine from operating a t  low equivalence r a t i o s  o r  force some of the  cooling 
flow t o  be bypassed out of the engine, wibh ccnsequent performance loss due 
t o  heat  loss  from the engine cycle, and reduction i n  f l i g h t  time. 
Calculations showed t h a t  a s ign i f icant  reduction i n  heat t r ans fe r  could be 
accomplished by eliminating the  var iable  exhaust nozzle and t h a t  the  
performance decrement t h a t  resu l ted  from eliminsting t h i s  v a r i a b i l i t y  w a s  not 
seriqus. 
resu l ted  i n  s ign i f icant  problems a f ixed  nozzle was subs t i tu ted  i n  the design 
i n  t h i s  and a l l  succeeding s tudies .  

This would e i t h e r  preven-, the  

. Since the  high heat t r ans fe r  r a t e  inherent i n  t h i s  concept had 

One of the functions of the var iable  exhaust nozzle is  t o  a i d  i n  
ign i t ion  of the subsonic combustor a t  Mach 3 f l igh t  conditions. 
exhaust nozzle throa t  r a i se s  t h e  s t a t i c  pressure of the  airs t ream and 
decelerates it t o  subsonic ve loc i t ies ,  which would allow a spark ign i t i on  
method t o  be u t i l i zed .  
devised f o r  ign i t ion  of the  flowing stream i n  the  subsonic combustor a t  
Mach 3. Without the  nozzle closure capabi l i ty ,  the  low pressure of the  
stream and the high veloci ty  a r e  not su i tab le  f o r  ign i t ion  by a 
simple spark o r  flame source. 
the s u i t a b i l i t y  of a cartridge-type i g n i t e r  f o r  ign i t ing  a supersonic 

Closing the  

With a f ixed  nozzle, a l t e rna te  methods had t o  be 

However, component t e s t i n g  has demonstrated - --_I--_ 

- _1 - .- L --------__l_ - -- - - -  
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h t r e a m  of hydrogen and a i r ,  Figures 15 and 30. The car t r idge i g n i t e r  
1 - _ - -  

operates by momentarily in jec t ing  in to  the flow of premixed combustion gases 
a j e t  of high-temperature, high-pressure gas. 
simultaneously r a i se s  the  s t a t i c  temperature and s t a t i c  pressure within the  
combustor and decelerates  the gas flow. A t  the  lower ve loc i t ies  and higher 
pressures produced by the f i r i n g  of the car t r idge,  contact with the  hot 
burning gases created by the explosion i s  su f f i c i en t  t o  ign i t e  t he  H2-air 
mixture. A fu r the r  advantage of t h i s  method of ign i t ion  i s  t h a t  the 
combustor can be lit a t  higher equivalence r a t i o s  than were possible with the 
nozzle closure method of igni t ion,  due t o  the f a c t  t ha t  the combustor e x i t  
area during the ign i t ion  sequence i s  la rger .  With the elimination of t he  

designs. 

When it is f i r e d ,  the car t r idge 

var iable  nozzle, the  

i Several other  
hydrogen flow requirement f o r  the combustor. 
combustor I -- passages were annular and e s sen t i a l ly  ax ia l .  In such a passage the  \ 

surface area is  proportional t o  the radius of the passage from t h e  center l ine,  
and bringing the combustor passage closer  t o  the  center l ine  of the burner 
would reduce the wetted surface area and hence the  cooling requirement 
equivalence r a t i o .  
has the fu r the r  advantage of a la rger  burner height with i t s  associeted 
increased burner s t a b i l i t y .  
of the  next axisymmetric design, shown i n  Figure 42. 

In  the  o r ig ina l  design, the 

Bringing the Combustor passage close t o  the  center l ine 

, /  These considerations led t o  the  development 

In the  design shown i n  Figure 42 the supersonic burner passage has 
dimensions very s imilar  t o  those of c i r cu la r  burners t e s t ed  i n  1964, giving 
confidence t o  the  extrapolation of the  experimental data t o  t h i s  new 
configuration. It should be noted t h a t  a t  t he  t i m e  t h a t  t h i s  combustor 
concept was being developed, the two-dimensional (annular s ec to r )  combustor 
tests, which successfully demonstrated the app l i cab i l i t y  of c i r cu la r  burner 
data  t o  other  geometries, had not ye t  been i n i t i a t e d .  In t h i s  concept, the  
supersonic combustor i s  located en t i r e ly  i n  the  region of the centerbody 
support s t r u t ,  and the hydraulic diameter of each segment of the combustor 
between s t r u t s  i s  the same a s  t h a t  of a 3.3 inch diameter c i r c l e ,  i . e . ,  
approximately the  same as  t h a t  of the  cy l indr ica l  combustors previously 
tes ted .  This correspondence is  shown i n  Figure 43. 

The elimination of the  var iable  nozzle a l so  resu l ted  i n  a decrease of- 
t he  len.-th of the cen te rbou  and the incprpxakion-sf-  3-%iTcular, 10-inch 
diameter, subsonic combustor.. I n  t h i s  combustor, f u e l  was in jec ted  from the 
s € f i E G i f a l s t r u t s  and centerbody a s  well  a s  from the outer  walls. 

-A_- 

Because of the f a c t  t h a t  the engine i s  designed t o  operate i n  both the 
supersonic and subsonic combustion modes, addi t ional  f u e l  i n j ec to r  s t r u t s  were 
not used. 
the walls without any in jec t ion  s t r u t s ,  were successfully developed i n  
1964-65, f u e l  in jec t ion  s t r u t s  a r e  u t i l i z e d  i n  the  designs considered only 
when thc  s t r u t  s t ruc ture  i s  already avai lable  f o r  some purpose o ther  than 
f u e l  in jec t ion .  

Since supersonic combustors, which injected all of the  f u e l  from 

L 
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The upstream burner was designed t o  have a s ign i f icant ly  smaller 
J 
flow area than the downstream burner, thus providing a cycle advantage a t  
the  higher f l i g h t  Mach numbers. 
has a variable area as  the i n l e t  spike t rans la tes ,  providing the smallest 
flow area a t  the highest f l i g h t  Mzch numbers. .Performance calculations of 
the  overal l  engine system showed tha t  a substant ia l  portion of the burning 
a t  Mach 8 f l i g h t  conditions must take place i n  t h i s  small, variable area 
region, if  the  Mach 8 performance requirements were t o  be achieved. 
variable area region needed t o  be a la rger  f rac t ion  of the supersonic burner 
length. 

The ear ly  portion of the  supersonic burner 

This 

In order t o  take advantage of t he  provision f o r  spike t rans la t ion  t o  
obtain optimum combustor areas as well as  produce a fur ther  reduction i n  
burner length and thus heat load, the combined burner axisyrnmetric concept 
discussed next was studied. 

Combined burners - A l l  combustor concepts studied f o r  axisymmetric 
engines involved t rans la t ing  i n l e t  spikes, which provided the i n l e t  s t a r t i n g  
capabi l i ty  and optimum i n l e t  contraction r a t i o  charac te r i s t ics .  
t rans la t ing  capabi l i ty  of t h i s  spike, combined w i t h  contoured flow passages 
i n  the  combustor region, provide a good opportunity f o r  applying the  burner 
length and area r a t i o  c r i t e r i a  developed during SCRAMIT component s tudies  
t o  the.engine design. 
from these s tudies .  

The 

Figure 44 shows the burner cross-section tha t  resul ted 

Because of i n l e t  design considerations t h a t  developed while the 
i n i t i a l  combustor design concepts were being explored, the i n l e t  throa+, i s  
considerably fu r the r  away from the engine centerline than :t was i n  the 
o r ig ina l  concepts. I n  order t.0 minimize the combustor surface area the  
combustor flow passage curves toward the  center l ine much more s teeply 
than it did i n  the e a r l i e r  concepts. 
has a benef ic ia l  e f f ec t  on the  combustor cooling load, a l so  allows a 
greater  combustor height change, and thus area r a t i o  change, t o  be 
accomplished within a given spike t rans la t iqn  distance than i n  previously 
discussed concepts. 

This greater  passage curvature, which 

I _  

I n  t h i s  concept, the subsonic--and-supersonic - combustors a re  both 
located i n  the  same regio<oG?-xce engine. 
t h e  confl ic t ing combustor area requirements a t  Mach 4 and Mach 8 can be 

Mach numbers can a l so  be achieved by choice of spike t rans la t ion  distance. 
Furthermore, the  combustor walls can be contoured t o  provide the  var ia t ion  
i n  overal l  combustor divergence r a t e  t ha t  component t e s t ing  showed was 
desirable  f o r  operation over the Mach number range from Mach 3 t o  Mach 8. 

Area var ia t ions compatible with 

. accomplished. Passage areas compatible w i t h  operation a t  intermediate 

A l l  f u e l  inject ion i n  t h i s  concept is  accomplished from the  walls,and 
a smaller number of fue l  in jec t ion  s ta t ions  i s  required than with tandem 
burner arrangements. 
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ALthou-gh - -_ t h i s  -_  concept - has the  advantage of some reduced heat 

t ransfer-over  others of ' the  'axisymmetric concepts studied, it a lso  has 
disadvantages. For example, the subsonic combustor length i n  t h i s  concept 
is--ahproximately half  t ha t  i n  the tandem burner axisymmetric concepts 
considered, w i t h  associated design r i s k .  
i n  the combined burner concept l i e s  downstream of the-subsonic combustor, 
and thus it cannot a c t  as  a f u e l  injector  s t r u t  o r  flameholder during 
subsonic combustor operation. Further, the lack of tandem burners 
eliminates the recombination zone e f fec t  t h a t  t h e  subsonic burner i n  a 
tandem burner configuration has during supersonic mode operation. 
the tandem burner arrangement, i n  contrast  t o  the combined burner, permits 
t h i ependen t -componen t  development of the subsonic and supersonic - burners. 

The centerbody-support s t r u t  

-- ______ --- 
Finally,  

-_ _ _  - 
"he baseline engine - The f i n a l  axisymmetric concept t o  be djscussed 

here, and the  concept t ha t  was ultimately chosen as  the  most acceptcrble from 
an overal l  engine system standpoint, is one. t h a t  combines a great many of 
the good features  of the  combustors already discussed, while eliminating 
some of t he  undesirable features  of e a r l i e r  concepts. 

A s  can be seen from the cross-section sketch of t h i s  concept, Figure 
45, the baseline design incorporatestandem burners, with the  supersonic 
burner located i n  a contoured annular passage between the  t rans la t ing  
spike and outer she l l .  The supersonic combustor, incorporating available 
experience, features:a  wall s tep  t o  prevent combustion-induced i n l e t  
unstar ts .  in jec t ion  from the passage walls, and a diverging flow passage 
downstream t o  the subsonic combustor. In addition, the supersonic 
combustor passage slopes inward toward the burner center l ine,  which 
helps t o  minimize the wetted surface area of the  combustor and maximize 
the  combustor dimensions, while allowing suf f ic ien t  reaction length f o r  
good combustor performance. 
allows var ia t ion i n  combustor dimensions and area r a t io s  compatible with 
component t e s t  experience and system analyses a t  various f l i g h t  Mach numbers. 

The t rans la t ion  of the  inlet  spike a l so  

Heat transfer analyses performed at the time of the development of 
the  combined ( subsonic and supersonic ) burner concept showed - l i t t l e  advantage 
from_a.cooling standpoint f o r  combined burners over tandem burners-. - Further, 
kxe tandem burner concept incorporates the additional advantage of providing 
a recombination zone downstream of the  supersonic burner with a resu l tan t  
performance advantage. Since the concept of combined burners o f f e r s  very 
l i t t l e  cooling advantage, but does materially increase combustor design 
r i sk ,  tandem burners were selected f o r  t h i s  engine concept. 

- -- 

The subsonic combustor i n  the  baseline design i s  located downstream 
of the t rans la t ing  portion of the inlet  spike and is  thus of f ixed geometry. 
The burner entrance region is  annular, with the passage widening as  the 
centerbody narrows, of fse t t ing  the  area reduction e f fec t  of the presence 
of the  centerbody support s t r u t s .  
within the  subsonic burner, a t  a point j u s t  downstream of the s t r u t s ,  with 
a consequent reduction i n  cooling load oT;?r the or ig ina l  combustor concept. 
A t  t h i s  point the subsonic combustor flow passage becomes a cy l indr ica l  
section, which culminates i n  a moderate area contraction a t  the exhaust 
nozzle throat .  
eenterbody s t r u t  ' for-low Mach number subsonic burner ope-ation. 

In t h i s  design, the centerbody ends 

Fuel injection holes a re  located i n  the s ide walls of the  
J 

- -  - 
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1 A s tep  is  located i n  the outer passage wall a t  the entrance t o  the 
Eubsonic combustor t o  a c t  as  a flameholder a t  high subsonic operating 
co_n_ddit&ms,. Fuel inject ion ports  a r e  provided i n  the outer  passage wall. 
jus-t-upstream-of the  s tep,  and fur ther  injectors  a re  located i n  the s t ep  
itself, in:ecting downstream, and i n  the centerbody wall opposite t o  the 
step,  i n  jecqtiw normally---- 

--- -- -- __ 

Igni t ion i n  subsonic operation i s  provided f o r  by the incorporation of 
cartridge-type ign i t e r s  j u s t  downstream of the s t ruts  i n  the low f l ight .  Mach 
number subsonic combustor. Mode t rans i t ion  capabi l i ty  is  incorporated by 
provision f o r  t r ans i t i on  from the f u e l  injectors  1oca.ted upstream of the 
s t ep  i n  the  subsonic combustor t o  those located downstream of the s t ep  i n  
the  supersonic combustor a t  Mach 5. Ignit ion of the fue l - a i r  mixture i n  
the supersonic combustor passage w i l l  be accomplished through the  back- 
pressuring of the flow i n  t h i s  passage caused by the combustion in  the  
subsonic burner, Wzth-tihe supersonic combustor cperating, the subsonic 
combustor passage w i l l  a c t  as a recombination region, thus o f f se t t i ng  some 
o f  the  performance lo s s  associated with wall f r i c t i o n  i n  t h i s  passage. 

Although the  concept j u s t  described i s  the  one t h a t  was ult imately 
selected f o r  the  NASA engine design, other configurations a l so  were studied. 
A description of these concepts i s  contained i n  the following sections,  i n  
which %vo-dimensional, symmetric, and other (cyl indrical  and two-dimensional ) 
asymmetric concepts a re  discussed. 
concepts discussed i n  t h i s  section do not necessarily correlate  with 
various designs t h a t  were studied from a systems standpoint. The concepts 
considered herein were studied i n  order t o  provide combustor design 
information necessary f o r  the f i n a l  engine design selection, and the f i n a l  
select ion was made from an overal l  system and not primarily a combustor 
design standpoint. 

It should be noted t h a t  the  combustor 

TWO-DmNSIONAL COMBUSTORS 

I n  the course of the ccnceptual design of the NASA Research R a m j e t ,  
considerable stutiy e f f o r t  was devoted t o  several  two-dimensional combustor 
designs. Conceptually the  two-dimensional combustor of fe rs  several  
advantages. 
required but i n  a two-dimensional design centerbody support s t r u t s  a r e  
not needed i n  the  combustor flowpath; a l l  supporting and t rans la t ing  
s t ruc ture  can be b u i l t  in to  the s ide walls. More f l e x i b i l i t y  may be 
available i n  the geometry var ia t ions t h a t  a r e  possible i n  the  engine and 
i n  component experiments. A burner passage height la rger  than i n  an 
annular burner i s  a l so  of some advantage. 

Some means of varying i n l e t  and combustor geometry i s  

Several p o s s i b i l i t i e s  f o r  two-dimensional geometries were considered 
i n  t h i s  study. 

-- 
Two-dimensional symmetric burner wikh hinged walls - A s  can be seen 

from Figure 46 t h i s  configuration allows-harge variations i n  flow area a t  
any given s t a t ion  t o  be realized. With t h i s  configuration the exact areE 
r a t i o s  desirable  f o r  any given combustor-condition can a l so  be obtained. 
This, plus the f a c t  t ha t  the  wall mechanisms can be arranged t o  provide 
L J 
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r 1 /< a continuous var ia t ion  i n  burner heights,  would make t h i s  concept 
espec ia l ly  valuable a s  a research t o o l  f o r  f u l l  scale  combustor 
Additionally, the centerbody i n  t h i s  design can be made t o  end within the  
supersonic burner since the area var ia t ion  capabi l i ty  is  provided by hinged 
walls.  !@e elimination of pa r t  of the centerbody length and of s t r u t s  within 
the  combustor would lead t o  lower hydrogen flow required f o r  cooling the 
combustor than in ,  f o r  example, an axisymmetric burner w i t h  a s t r u t  supported 
centerbody. 
t he  subsonic combustion mode, which a s  was noted i n  the  preceding p a r t  of t h i s  
sect ion cannot be provided i n  an axisymmetric burner without mater ia l ly  
increasing the cooling load. 

L < ~  ' 

' - c , ~  

Final ly ,  t h i s  design a l s c  provides a var iable  nozzle throa t  f o r  -- - 

Two-dimensional symmetric burner with t r ans l a t ing  spike - This 
concept, t he  combustor flowpath cross sect ion f o r  which i s  shown i n  Figure 47, 
s ac r i f i ce s  --- -.2_ much of the variable-geometry capabi l i ty  of the hinged-wall- 
concept f o r  t h e  sake of s implici ty .  
the  i n l e t  spikc,but a s i g n i f i c a n t  amount of area var ia t ion  capabi l i ty  is  
avai lable  through the proper combination of wall  contouring and the  
t r ans l a t ing  a b i l i t y  of t h i s  spike. 

Here there  i s  only one moving pa r t ,  

Because of the combined burner fea ture  of t h i s  concept, and the  
shortened spike incorporated t o  reduce cooling load, it is  not possible t o  
obtain a subsonic burner which incorporates an optimum contraction f o r  high 
Mach number subsonic mode operation. 
loss,-and'thus the  two-dimensional combustor conceptual design study was 
d i rec ted  t o  identifying a b e t t e r  subsonic burner contraction within the  
confines of t he  combined-burner t r ans l a t ing  spike concept. 

- 
--_ - 

This results i n  some performance 

Two-dimensional symmetric burner, t r ans l a t ing  spike nozzle plug - 
This concept, shown in  Figure 48, is  bas ica l ly  a refinement of the preceding - 
concept, designed t o  overcome the objection of non-optimum subsonic-burner 
e x i t  a rea .  A &- 

/ is made by incorporating a contoured plug with the  spike. 
i n  the forward (Mach 4) posi t ion,  t he  contour of the  plug forms a contraction,. 

Provision f o r  an area contraction a t  the subscnic burner e x i t  
With the spike 

i n  the  annular burner passage. With the  spike i n  posi+,ion f o r  higher Mach 
number conditions, the plug extends in to  the  cy l indr ica l  sect ion of t he  

a 7  +?/ 
L : -  
* _  Af2 ' 

burner, removing the contraction from the  annular burner sect ion.  Thus a 
pe~omanceimprovement  i n  _subsonic operation-is-nbtainedat t he  expense 
<f an increase ii1 cooling load. 

v-3. - 
___ - __ - 

---- - 

Two-dimensional symmetric burner with ro t a t ing  cowl - "his concept, 
a cross  sect ion of which is  shown i n  Figure 49, was studied t o  assess  the 
e f f e c t  of reducing the  requirements f o r  variable i n l e t  geometry t o  a 
very simple, i f  not crude, form. As can be seen from the  sketch, the  
var ia t ion  i n  i n l e t  height and capture area required t o  meet the  performance 
object ives  i s  accomplished by a simple, a l l igator- type,  ro ta t ing  cowl. 
only t h i s  simple var ia t ion  t o  permit i n l e t  s t a r t i ng ,  a combustor confi,ma- 
t i o n  was ident i f ied  t h a t  would operate i n  both subsonic and supersonic 
modes, through use of staged inject ion,  a t  the  expense-of an increase i n  
length -__-- over the  o ther  two-dimensiocal concepts previously considered and 
some se_rformance ___. - -- decrement due t o  lack of geometry var ia t ion  i n  the 
combustor. 

With 

- 

This length increase i s  e s sen t i a l ly  due t o  the  necessi ty  of 
_1 placing the subsonic burner i n  se r i e s  with the  supersonic burner. This 

_I - - 
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a r i s e s  from the  elimination of the t rans la t ing  spike. 

Asymmetric Designs 

In  addition t o  the  two-dimensional symmetric and the  axisymmetric 
burner concepts discussed, other combustor concepts with asymmetric layouts 
were considered. In general, an asymmetric layout has the advantage of 
allowing la rger  combustor flowpath dimensions than m equivalent symmetric 
design, since only one flowpath ex i s t s  i n  an asymmetric design ( i n  cross- 
sect ion)  as  opposed t o  two i n  a symmetric design. From a combustor stand- 
point,  the  Larger dimensions offer-dis t inct  advantages i n  r e l a t ing  previous 

This consideration was par t icu lar ly  important 
before two-dimensional combustor t e s t ing  was in i t i a t ed ;  even a f t e r  successful 
two-dimensional tes t  r e su l t s  had been obtained with small burner passage 
heights,  the  advantages of l a rge r  dimensions w i t h  regard t o  high a l t i t u d e  
f l i g h t  l imitat ions and residence t i m e  f o r  recombination remain. 

1 
a 
I 
1 
8 
I 
I 
I 
I 
I 

// ---- e a e r i e n c e  t o  thedes ign .  
F 

Two-djmensional asymmetric combustor - The evolution of the two- 
dimensions1 asymmetric combustor shown i n  f igure  50 can be t racea  d i r ec t ly  
from the  two-dimensional symmetric combustor with t rans la t ing  spike. 
t he  asymmetric design, the t rans la t ing  spike takes the form of an i n l e t  
ramp, and the design of a good supersonic combustor is  f a c i l i t a t e d  by the 
t rans la t ing  a b i l i t y  of t h i s  ramp and by t h e  ease of providing the proper 
wall  contour i n  the  combustor. 
l a i d  out downstream of t h e  supersonic combustor increases the overa l l  
combustor length over the symmetric design or ig ina l ly  considered,but the 
elimination of the  center wall i n  the asymmetric concept pa r t ly  counter- 
balances the extra  heat load caused by t h i s  length increase. 
advantage of t h i s  layout l i es  i n  the .increased passage height dimensions. 
The mode t r ans i t i on  a b i l i t y  desired f o r  a research engine i s  achieved by 
staging inject ion from the downstream injectors  t o  the  upstream in jec tors  
a t  the  appropriate Mach number, as i n  the tandem burner,axisymmetric 
concept. 

In 

The f a c t  t h a t  _the subsonic combustor is 

The main 

. -  

From L- - the  - combustor standpoint, t h l s  configuration is  the  best of a l l  
th<two:dimensional configurations presented here. 
concept, w i t h  a r e l a t ive ly  simple area var ia t ion mechanism, and the generous 

It i s  of reasonably simple 

. combustcr dimensions represent the maximum burner r e l i a b i l i t y .  

I 
1 
1 

THREE-DIMENSIONAL DESIGNS 

Fixed geometry configurations - The three-dimensiona1,fixed-geometry 
designs considered i n  t h i s  study were based on the  6-12 vehicle design study 
reported i n  Reference 4. The major conceptual advantage l i es  i n  the  f a c t  
t h a t  such an engine could be l a i d  out with a cyl indrical  centerburner very 
much l i k e  the  cyl indrical  burners t h a t  were extensively t e s t ed  a t  General 
E lec t r i c  i n  1964-65. From the combustor st.andpoint, such a design has the  
advantage of minimum development e f f o r t .  However, it was established ear ly  
i n  the  conceptual design e f f o r t  t h a t  the  performance of fixed geometry i n l e t s  
and combustors could not be optimized t o  give adequate performance throughout 

e n t i r e  f l i g h t  Mach number range from Mach 4 t o  Mach 8. J 
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r Variable Geometry Configuration - 1 
The three-dimensional i n l e t  configuration shown i n  Figure 5 1  provides 

an inlet throat  closer t o  the enjine cenzerline than was possible i n  the 
axisymmetric configurations. Combustion advantages r e su l t  from the la rger  
burner passage heightgnnd a heat t ransfer  and f r ic t ion lossadvantage  a r i s e s  
a s  the burner diverges and the centerbody is  great ly  reduced i n  surface area.  

CONCEPmJAL DESIGN SUMMARY 

During the course of the conceptual design phase of t h i s  study, it 
became apparent t ha t  i n  order t o  insure good performance there were several  
design features  t h a t  should be IncorporaLed i n  the concept chosen f o r  dFvelop- 

primarily from a combustor s tandpoint ,a l l  of the features  ident i f ied  a re  t2- ment i n  the  preliminary design phase" 
combustor concept was made from an engine system standpoint, and not 

incorporated i n  the concept chosen. The conceptual design study fur ther  
showed t h a t  the design features  developed during the four  years of SCRAMJEJ! 
component t e s t ing  a t  General Elec t r ic  t ha t  preceded t h i s  work could be 
incorporated into every overal l  engine configuration study, a s  long as  sGme 
form of variable combustor geometry was provided. 
goals placed d i f fe r ing  design requirements on the  combustor a t  each end 
of the design Mach number range, if --I_ would not-have-besn possible t o  
SBWX -_the _ -  performance requirements without the provision f o r  variable 
geometry. From a combustor standpoint aioi:e, zyl indrical  burner t .ests 
of 1964-65, showed, as  is documented i n  Reference 4, t ha t  f o r  good super- 
sonic combustor performance the conbustor passage a t  low Mach number f l i g h t  
conditions __-- - must - diverge, t o  avoiFchoking the combustor, and t h a t  as  Mach 
number - _--_ increases - t.he combu&or passage must approach constant area t o  
T t a i n  high- performance. Clearly, then, variable combustor geometry must 
be a fea ture  of the f i n a l  combustor concept i f  good combustor performance 
over t he  f l i g h t  Mach number range is t o  be achieved. 

Although the f i n a l  choice of 

Because the performance 

The burner length has been established from component t e s t ing  a t  about 
_-A- - _  /./ t e n  hydraulic diameters e Good combustion' i c iengxhas  been measured w i t h  

/ A/> t-,Tengths, a@ the conceptual design s t z g e s  were _I made based on t h i s  
length c r i t z i a .  

The combustor conceptual design study ident i f ied several  other  
features t h a t  were important f o r  good combustor pzrfornance. For example, 
the  concept of tandem burners was investigated i n  some d e t a i l  and found t o  
o f f e r  advantages t h a t  could not be eas i ly  achieved i n  any other design. 
Uti l iz ing tandem burners considzrably eases the  problem of desJgning good- 
per?orman_csJ supersonic and subsonicburners- i n  the  same engine. .&--e 
combined burner concept, any change tha t  is  made i n  t h e  contours of the  
-.-_ supersonic - - burner t o  increase -perfohance-also a f f ec t s  the subsclnic 
b m ;  such a change does not necessarily a l so  improve the performance 
of the  subsonic burner. 
burners can be sized separately, consequently great ly  reducing the 
development e f fo r t .  Further, the use of tandem burners allows combustion 
mode t r ans i t i on  t o  take place without any c h s i n  burn& ye0rgp-y. This 
is par t i cu la r ly  important i n  a research engine, as  the e f f ec t s  of a change 
i n  combustion mode can thus be isolated from any change i n  burner geometry 
t h a t  might otherwise occur simultaneously. An additional advantage is  t h a t j  L 

--_ - - -  _ _ _ _ _ _  -~ - 

---___ ___ 
With tandem burners,the subsonic and suaersonic I 
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with the  subsonic burner located downstream of the supersonic b u r n e r , L  
F e c o m b i ~ t ~ s - z o ~ e ~ p ~ ~ ~ i d ~ ~ ~ ~ e - e n ~ ~ f  t h e a e r s o n i c  burcmr,-which 

/ ; s c k  +&re A materially _-- a ids  performance. 

Although the  tandsm burner -concept requires a la rger  combustor passage 
than combined bxrne& increasing-fr-icticn loss  -and heat- _tyansf ex oyer the  
l a t t e r ,  system analyses showed t h a t  these losses do not outweigh the 
advantages of a tandem-burner configuration, and thus tandem burners were 
ident i f ied  as  an important feature  t o  be included i n  the f i n a l  combustor 
choice. 

Tied i n  with the tandem burner concept is the p_rovision f o r  mu&igl.e 
inject ion points i n  the combusto-c. By allowing several  points of inject ion,  
-the combustor is  m>iTreXf6, since the, area a t  which combustion is  taking 
psace at. u a r i m s d -  ight  Mach-nugbers -can be_controlled by ?roper in jec tor  
staging. Multiple injectors-can a l so-a id  mode t r ans i t i on  by allowing a 
smooth changeof f u e l  from the downstream t o  the  upstream f u e l  in jec tors .  

Several other  features  t h a t  were ident i f ied  i n  the  course of component 
development work undertaken a t  General Elec t r ic  were incorporated in to  every 
combustor concept considered during the conceptual design study. These 
features  included w u e l  ia ject ion,  the use of a wall  s t ep  i n  the 
combustor, and the  car t r idge ign i t e r .  _. - 

L 
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PRELIMINARY DESIGN 

A preliminary aero-therm0 design of the combustor was completed f o r  
the  engine concept ident i f ied  i n  the concepmal design effor t .  a s  the  "baseline 
engine". 

Figure 52, a lso  available as  Drawing Number 4012140-954,is the aero- 
dynamic flow path through the  engine. 
s t ruc tu ra l  design drawings, such as  Drawing Number 4012140-941 presented i n  
R66FPD59 (Reference .9). 
showing some of the  f u e l  in jec tor  de ta i l s .  

This drawing i s  the flow path f o r  the 

Figure 53 i s  a larger  view of the  combustion region 

Subsonic Burner 

Fuel injector ,  flameholder and ign i te r  locations - The subsonic burner 
has provision f o r  fue l  inject ion a t  two ax ia l  s ta t ions ,  each of which i s  
intended t o  operate i n  a d i f fe ren t  f l i g h t  regime. 
t he  downstream end of the s t ruc tu ra l  s t r u t s  operate during t h e  lean operation 
planned i n  the f l i g h t  Mach number range from three t o  four.  
in jec tors  upstream of the s t ruc tu ra l  struts operate i n  the  subsonic burning 
mode through the  f l i g h t  Mach number range from Mach four  t o  six, and a re  
designed t o  achieve high performance operating a t  an equivalence-ratio of 
one. 

The in jec tors  located a t  

The wall 

The lean operation planned a t  Mach three f l i g h t  conditions i s  
necessary because the burner e x i t  flow area i s  not large enough t o  allow 
combustion t o  equivalence r a t i o  of one. 
burner s t a b i l i t y  i n  an overal l  lean burner it is desirable  t o  concentrate 
the  f u e l  i n  regions t h a t  a r e  loca l ly  nearer stoichiometric conditions. 
a uniform lean mixture the  flame propagation velocitges -are-_too-slow t o  
spread the flame across-.the-hurner, The four s t ruc tu ra l  struts provide 
convenient fue l  injectors  and flameholders f o r  t h i s  lean  operation since 
loca l  f u e l  concentrations near stoichiometric can be provided i n  the wake 
of the struts. bcomplete mixing of f u e l  and a i r  a t  the  burner e x i t  from 
these strut fires is  not an objection t o  the  design because combustion 
eff ic iency is  not a design objective i n  the f l i g h t  i%ch number range from 
3 t o  4; it i s  only important t ha t  t h e  burner and engine operate i n  t h i s  
f l i g h t  regime. 

To obtain good flame spreading and 

In 

The four  s t ruc tura l  struts a r e  too f a r  apar t  t o  provide a f u e l  in jec t ion  
pa t te rn  t h a t  w i l l  achieve a uniform fue l - a i r  mixture a t  the burner e x i t .  
in jec tors  upstream of the  s t ruc tu ra l  struts provide a much more uniform 
dis t r ibu t ion  a t  higher f l i g h t  speeds where high performance i s  required a t  
equivalence r a t i o  of one. Fuel i s  injected from the outside wall and a l so  
from the  inside centerbody. 
s t a t i o n  is  narrower than the  spacing between s t r u t s  providing a better 
i n i t i a l  d i s t r ibu t ion  of fue l .  
over t h a t  of the s t r u t  in jec t ion  s t a t ion  a l so  results i n  an improved 
efficiency. Flame w w  arQ a t h 2 - c & x m f e r e n c e  is established 
by a wall- flamFlh older.  

The 

The annulus region a t  t h i s  f u e l  in jec tor  

T-e additional mixing length f o r  the f u e l  

c 

L 
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The NASA Hypersonic Ramjet Research Engine as  presently conceived 
u t i l i z e s  these two in jec tor  locations only i n  specif ic  f l i g h t  ranges. 
s t r u t  injectors  a re  used a t  f l i g h t  conditions below Mach 4 while the 
in jec tors  upstream of the s t ruc tu ra l  s t r u t s  a re  used from Mach 4 t o  Mach 6. 
However, i f  component t e s t ing  ident i f ies  improved in jec tor  staging modes, 
the manifolding, valving, and control system planned f o r  the baseline engine 
can eas i ly  accomodate many kinds of variation. 
desirable t o  use both f u e l  in jec tor  s ta t ions  over par t  of the f l i g h t  range; 
o r  a superior in jec tor  combination f o r  i n i t i a l  igni t ion of the burner may 
be found t h a t  i s  d i f fe ren t  from the optimum combiriation f o r  steady s t a t e  
operation a t  the same f l i g h t  conditions. 
engine control system could permit t h i s  possibly desirable feature .  A 
fu r the r  f u e l  in jec tor  var ia t ion t h a t  would be investigated i n  component 
tests would involve independent control of the f u e l  from the two walls 
a t  the  in jec tor  s t a t ion  upstream of the s t ruc tu ra l  s t r u t s .  It is expected 
t h a t  the  component tests w i l l  show tha t  t h i s  l a s t  complication w i l l  not 
be needed, and therefore the engine design does not presently contain 
independent control valves f o r  the two walls. 

The 

For example, it may be 

A very minor modification t o  the 

The wakes behind the s t ruc tu ra l  s t r u t s  provide a convenient locat ion 
The igni t ion __  cartridge-I_lgch i s  ins_talled i n  the  for  ign i t ing  the  burner. 

out$- .wall i n  jgcts_a_large-vQlime -_of -hot burning gases into the combus_tible 
f a e l - a i r  mixture i n  the  s t rg t -ake .  Cross_-f i r i ng  betkre&utruts-  i s  
accomplished throxhae-wAks-of- the centerbody. 
/ 

Some of the considerations tha t  resul ted i n  the  outside wall locat ion 
f o r  the  ign i t e r  instead of a centerbody location are:  

1. llhe outside locat ion has easy access f o r  rearming between runs. .- 
2. Multiple engine restarts--are provided f o r  by multiple car t r idges,  

o m - f o ’ b  struts.  With multiple car t r idges i n  
the  centerboa ,  there  i s  increased danger of one charge ign i t ing  
other  charges. 8 -  

3. TemDeraturecontrnl of the cartridge is  more eas i ly  achieved a t  the 
outside location. 

4. F=l r o u t . ? - o - w h  the  -ce-&-erbody-is - complicated by the  presence 
of- i t e r ;  more space is  available OE the outside wall .  

Design d e t a i l s  of f u e l  injectors ,  flaneholders, and ign i t e r s  - Fuel 
in jec tor  design d e t a i l s  a r e  influenced by considerations of in jec t ion  
pressure, in jec tor  spacing, and f u e l  penetration. Flameholding and spreed- 
ing charac te r i s t ics  are  provided by s iz ing of the flameholding regions 
consistent with the conclusions drawn from previous experiments. 
ign i t ion  car t r idge s imilar  t o  tbase used successfully i n  re la ted  component 
tests is incorporated i n  the d e s g n ,  but the d e t a i l s  a re  not f irmly 
established and require v e r i f i c i t j o n  by additional component tes t ing .  

An 

_-  - - 
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The f u e l  in jec tors  were designed t o  have a c r i t i c a l  o r  supercr i t ica l  
1 I- 

pressure r a t i o  across the injector  o r i f i ce s  a t  a l l  design conditions. _This 
r m r s  fue l  flow independerlt-of--burner_pyessure, avoiding ur-desirable flow 
fluctuations o r  maldistribution of the fue l .  Since the  heat exchanger i n  
the  regeneratively cooled walls requires a high f u e l  pressure leve l ,  t h e  
back pressure of the f u e l  injectors  does not create  a large addi t ional  
burden on the f u e l  supply pressure. Switching f u e l  in jec tor  s ta t ions  with 
increasing f l i g h t  Mach numbers permits t h i s  f u e l  in jec tor  back pressure t o  
be minimized. 

I 
I 
I 
I 
1 

Figure 54 presents the f u e l  injector  pressures along the  B-B t ra jec tory ,  
a t ra jec tory  j u s t  above the low a l t i t ude  l i m i t  of the X-15 airplane.  
pressure charac te r i s t ics  a re  associated with a given t o t a l  flow area f o r  
each inject ion stage. The injectors  f o r  Mach 3 operation consis t  of 144 
,080 dia  holes spaced near the  t r a i l i n g  edge of the s t ruc tu ra l  s t r u t s ,  
while the  Mach 4 - 6 in jec tor  stage consists of a more complex arrangement 
having a l a rge r  t o t a l  flow area consistent with the higher f u e l  temperatures 
and equivalence r a t i o s  a t  Mach 4 and above. 

The 

The -inch t.hi&@f-baseat the end of the s t ruc tu ra l  s t r u t  
provides a fuel-injector-flameholding region of comparable s i ze  t o  those 
t e s t ed  i n  subsonic hydrogen burners a t  General Elec t r ic  i n  the past  two 
years. Fuel inject ion d i r ec t ly  into the  wake region t o  improve flame 
s t a b i l i t y  has been a feature  of many tested designs. Structural  methods 
f o r  including such injectors  a t  the base of the s m u t  have been ident i f ied;  
should component development tests indicate the need f o r  such in jec tors ,  
they can be readi ly  incorporated. 

The flameholding region upstream of the s t ruc tu ra l  struts i s  provided 
with wake inject ion.  This flameholder provides flamespreading around the 
circumference of the  burner, and is made 0.25 inch high t o  be consistent 
with previous wall flameholder experience. 
hydrogen burners i n  1964 demonstrated the des i r ab i l i t y  of providing posi t ive 
flamespreading. In  these experiments,a burner w i t h  four f u e l  in jec tor  
s t r u t s  was modified by the addition of a one-fourth inch wall  flameholder 
a t  the intersect ion of the f u e l  injector  s t r u t s  with the wall. The previously 
poor performance, apparently associated with loca l ly  unignited regions, was 
corrected by the  c ross f i r ing  action of the  wall  flameholder. 

Component tests on subsonic 

The annular burner heipbt and hence in jec tor  spacing a t  the flameholder 
s t a t ion  is  1.67 inches. A large col lect ion of performance data a re  avai lable  
on subsonic hydrogen burners having injectors  t h a t  a r e  spaced between one and 
two inches apart .  These data have been correlated and design c r i t e r i a  have 
been ident i f ied  and reduced t o  a machine program, such t h a t  the performance 
of a subsonic hydrogen combustor can be calculated o r  predicted from a 
description of t h e  in jec tor  configurationo Detailed Derformance measure- 
ments on subsonic-hydrogen burners a t  Ceneral Electric-have been made only-  
?n configurations with fue l  i u e c t o  r s t r u t s  i n  the f r e e  stream, not on 
configurations where much of the f u e l  was injected from the wall . .  Planned 
component development tests w i l l  compare performance achieved from wall  
Injectors  with t h a t  obtained from freestream injectors  tc es tab l i sh  the 
appl icabi l i ty  of the  extensive data on freestream in jec tors  t o  wall  inject ion 
burners. 
L 
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Most of the f u e l  from the Mach 4 - 6 inject.or is  injected through holes 

t h a t  a r e  designed t o  penetrate deep in to  t h e  flow. 
i n i t i a l  f u e l  d i s t r ibu t ion  some smaller holes a re  provided t h a t  penetrate a 
smaller distance in to  the  stream. 

To provide a b e t t e r  

As can be seen from Figure 53, the larger  holes on the outside wall 
a r e  made i n  the shape of s l o t s  ra ther  than round holes. 
- s a e c a u s e  it _-_- f i t  -between the - f u e l  - ---_ cooling _ _  passages more conveniently. 
Available data indicate t h a t  the penetra%ion charac te r i s t ics  of t h i s  shape 
a re  a t  l e a s t  equal- to- that  f o r  the round hole. 

mis shape was ------.--- 
- ___ --- -- 

The igni t ion  car t r idge i n  the preliminary design f o r  t he  Hypersonic 
Ramjet; Research Engine is  of the  same s i ze  as a .38 ca l iber  p i s t o l  car t r idge 
and contains 10.5 grains of powder. A car t r idge of t h i s  same s i ze  was 
successfully used t o  l i g h t  a supersonic flow i n  a 4 3/4"-diameter c i rcu lar  
duct in 1965 and a smaller charge, 6.2 grains of powder, has since been 
successfully used t o  l i g h t  rectangular o r  two-dimensional passages a t  
conditions simulating Mach 3 f l i g h t .  The car t r idge is contained i n  a 
chamber t h a t  i s  provided with appropriate temperature control.  
car t r idge i n  the  engine w i l l  have an e l e c t r i c a l  f i r i n g  mechanism instead 
of t he  mechanical f i r i n g  mechanism used i n  previous component tes t ing .  
Development component t e s t i n g  w i l l  be necessary t o  es tab l i sh  the a b i l i t y  
of t h i s  i gn i t e r  t o  function under a l l  of the desired condi t ims.  It may 
be necessary t o  use a l a rger  powder charge f o r  +,he higher a i r  flow condi t jms  
which have not yet  been tes ted.  
i n s t a l l ed  i n  a supersonic combustor t e s t  i n  1965 while Figures 29 and 30 
showed the more recent component t e s t  where the ign i t e r  was used t o  l i g h t  
a supersonic flow t h a t  simulated the supersonic f l c w  through the engine 
before igni t ion a t  Mach 3 f l i g h t .  

m e  

Figure 15 i l l u s t r a t e s  the ign i t e r  as 

It is  expected t h a t  a t  f l i g h t  conditions above Mach 4, the  f i r e  
w i l l  f l a s h  upstream from the s t r u t s  o r  from the igni t ion car t r idge.  
however, t he  f i r e  does not f l a sh  upstream i n  a desirable fashion and if  

available.  Catalytic i gn i t e r s  consisting of p l a t i n m  screen similar t o  
t h a t  used in the  afterburner flameholders of General E l e c t r i c ' s  593 
engines could be attached t o  the wall flameholder region. This i g n i t e r  
would be replaced a f t e r  each f l i g h t  by a simple bol t ing technique 
accomplished from the back of the engine. 

If, 

f i r e  held from the s t r u t  flameholders is unsuitable, a simple f i x  i s  

. 

Mixing and react ion lengths - The burner length is  selected t o  achieve 
adequate mixing of f u e l  and a i r .  &J.2-inch__lengt,il from the  end-ofthe-f-uel 

s t r u t s  provides adequate length-for--stable burning a t  Mach 3 - 4 

- _ -  component t e s t s  t h a t  t h i s  length provides high eff ic iency f o r  

the-24 inches from the wall flameholder t o  the  end _of the 
provides adeqmte  length f o r  high eff ic iency performance. It has 

--- 
many stoichiometric hydrogen- combustor --- configurations -. __ - a t  . pressure leve ls  of 
one atmosphere. . -  

The e f f ec t  of length on the mixing of f u e l  and a i r  can be estimated from 
the avai lable  machine program calculations o r  can be observed by d i rec t  
comparison with the experimental r e su l t s  of s imilar  burners. 
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Reducing the  burner length r e su l t s  i n  decreased f r i c t i o n  loss and 
r 
heat t ransfer .  Other considerations such as  engine weight and engine 
length a re  l e s s  important. Decreasinp, the lgn&h- of- the  downstream end--of 
the subsonic burner was-found t o  provide only-.a_-sm311 redgction i n  heat - 
t ransfer  and- f_r ic t icnloss;  ;herefoye, the bwner l ras  des i  
conservative lenffth from a combsticn standpoint t o  minimi$ - development :gy be& 
e f f o r t  i n  achieving a high performance burner. 

-* 

--- 

3.t/ 
ed with a 

p.- 
Chemical k ine t ic  calculations on the f i n a l  stages of the heat release 

process indicate  tha t  sogejerJfsrmance l imitat ions w i l l  o c c u  when-the-- 
burner operates a t  low L_c__ pressure. - 
t-er w i t h  decrements accounting fo r  reduced me-ing a t  the lover Reynolds 
number and pressure levels ,are  - incorporated -- irito the-perfomance estimates- 
u a  i r i  tJ.iS _-_ cyclecalmlat i -ons,  - - as are-the friction l o s s  and heat l o s s  f o r  . 
t k F T a r v c u l a r  conf-igur-at-ion. The predicted combustion e f f ic ienc ies  f o r  the 
subsonic mode are  presented i n  Figures 55, 56, ana 57. These combustion 
e f f ic ienc ies  include not only the e f fec ts  of Local incomplete r e a c t i o q b u t  
a l so  the e f f ec t s  of velocity and temperature p ro f i l e r ,  and the increased 
th_eoretLcaL.di_s_sociation -- %_- associated with-8 _temperature prof i le .  A minimum 
i n  the eff ic iency curve appears a r  stoichiometric conditions because nearly 
complete mixing is  required t o  achieve high efficiency. A t  e i t he r  lean o r  
r i c h  conditions completely uniform conditions a r e  not required t o  achieve 
a i adequa te  contact between f u e l  and oxygen. 

This perfcrmance decrement a t  lot; pressure,  .. 

4 
8 

8 
I 

I 
1 
8 Preliminary def in i t ion  of surface contours - The s iz ing  of t he  f ixed  

geometry exhaust nozzle throat  and the associated cross-sectional area of the 
burner has a very important e f f ec t  on the overal l  cycle performance. 
obzain high th rus t  a t  Mach 4 fli.t-cQnd&tion_s_ the exhaust nozzle i s  made 
large enough t o  permit st_oikhiommic burning without causing the  engine t o  
s p i l l  more than the  design spillage-f-1m-z. If the flow area were made 
l a rge r  than necessary ' the  overal l  cycle performance would be reduced. 
Additional t o t a l  pressure lo s s  would occur i n  the engine inlet,which would 
operate supercr i t ica l .  
permissible equivalence r a t i o  would have t6 be reduced. An exhaust nozzle 
throat  area of 75.12 square inches w a s  selected t o  permit s l i g h t l y  
supercr i t ica l  operation of the i n l e t  a t  t h i s  f l i g h t  condition. This area 
select ion was yer i f ied  w i t h  cycle calculations using predicted component- 
e f f ic ienc ies .  

To 

If the flow area were made smaller, t he  maximum 

-I_ - 1- - __- 

A t  higher f l i g h t  speeds optimum engine performance would be obtained 
with a smaller throat  area.  
decrene-,uffe red a t  f l i g h t  speeds above Mach 4 .  
coeff icient-of - thrust  of the HEersonic Ramjet Research Engine w i t h  the 
optimum p e r f o m n c e  t h a t  could theoret ical ly  be cbtained with a variable 
exhaust nozzle area. The f igure shows t h a t  the minimum NASA performance 
requirements a re  exceeded a t  Mach 5 f l i g h t  condition; a% Mach 6 f l i g h t  
conditions the performance requirements a re  m e t  by t r ans i t i on  from the 
subsonic combustion mode t o  the higher performance supersonic mode. The 
higher performance of the  supersonic conbustor a t  Mach 6 i s  due t o  the 
f a c t  t h a t  i n  the supersonic combustion mode the combustion takes place 
upstream of the subsonic burner i n  a flow area smaller than the exhaust 
nozzle throat ,  resul t ing i n  b e t t e r  cycle performance than f o r  the subsonic 
mode optimized f o r  Mach 4. Figure 58 also indicates the improved 
L 

S i u x 3 b . e  $ -.- hroat i s  f ixed,  a snall-performance 
Figure 58 compares the 

_J 
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performance t h a t  could be theore t ica l ly  obtained with a variable exhaust 
nozzle. 
speeds was sacr i f iced i n  the conceptual design study t o  reduce the engine 
cooling requirements. 

"his performance advantage i n  the subsonic mode a t  high f l i g h t  

The subsonic combustor i t s e l f  is  sized Kith a lO$ greater  flow area 
than the  exhaust nozzle throat .  
large enough t o  provide a s tab i l iz ing  influence on the subsonic combustor, 
and i s  sng- ll_-&ough__to avoid signifil_cant, losses i n  the supersonic flow-_ - 
f i e l d  t h a t  e x i s t s  i n  t h i s  region of t he  engine a t  high f l igh t  speeds. 

This 10% e@-Kust nszzle contraction is  -- - _ _  

_ _  - --- _ _  - 
/ ./. & 

The flow area thrcjugh the subsonic burner and exhaust nozzle a l so  
has an e f f e c t  on the performance of the engine when it is  operating i n  
supersonic combustion mode. The subsonic burner i s  located downstream of 
the  supersonic burner, and thus w i t h  the  supersonic burner operating, the 
subsonic burner becomes a recombination chamber. If a la rger  flow area were 
selected f o r  tk subsonic burner, the lower s+,atic pressure would discourage 
recombination a t  high a l t i t udes ,  while a smaller flow area would result i n  a 
higher equilibrium dissociat ion leve l  a t  the exhaust nozzle throat .  

T' 

The t r ans i t i on  from annular t o  c i rcu lar  burner occurs through the  
s t ruc tu ra l  s t r i t  region of the  engine. The burner diverges i n i t i a l l y  by a 
sudgen' increase In area - at-the wall flamehgLder-fgllowed by a more grndual 

porEio=f-%h&strut-relieves the  form drag on the s t r u t  vhen the supersonic 
burner i s  i n  operation. To fur ther  minraize the  s t r u t  form drag the leading 
edge is a s  sharp as  is  struc_$urally feasible .  

'divergence through the strut-yegion; This divergence through the ea r ly  

_--- 

-\ __--- -__ 

In the  -ccm5ust-i-on- mode_.the fric_tjon-loss and form-drag of the 
s t ruc tu ra l  s t r u t s  
in&?EG€Ein-of a 0.1 ve&city_ head lo s s .  In, supersonic mode- the fricltion 
loss  along the burner walls and s t ruc tu ra l  <t-<d w i t u t h e  
cycle programs, and the small fQrm_dLa&srbase drag -of- the--structp-al  s t r u t s  
is  accounted fm- by__the nozzle th rus t  coeff ic ient .  

a r e  accounted f o r  i n  the cycle calculations by the 

SUPERSONIC COMBUSTION 

Fuel i n j ec to r  locations - The f u e l  injectors  f o r  the supersonic mode 
burner a r e  located on the  outer wall. Two stages of in jec tors  a r e  provided 
with separate manifolds and separate control valves. Preliminary-qomponent 
t e s t ing  i n  a- %o-dimensional supersonic burner very s imilar  t o  the ann-A<r- 
burner of-the Hypersonic Ramjet Research Engine indicated sa t i s fac tory  
bu%kr<%eratGk - charac te r i s t ics  w i t h  burner i n l e t  a i r  enthalpies from 
Mach 6 t o  Mach18 f l i g h t  conditions with both of the fue-l.-injector stages 
op%Fa€ing ___ simultanequslx lReference 5) .  

In component development t e s t i n g  under Phase 11, increased spacing 
between in jec tor  stages w i l l  be investigated. 
may indicate-_the-desirability of using different  inject ion stages a t  
different-- f l i g h t  Mach numbers. 
u t i l i z e s  both in jec tors  simultaneously, but since separate valving and 
manifolding is provided i n  the engine only a minor modification would be 
required t o  introduce the  increased va r i ab i l i t y .  

TJu * s development tes$&hg 

A t  present, the  engine control system 
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‘ Figure 53 shows the location of the fue l  injector  hole pa t te rn  
consisting of 336, .080 dia holes. 
was selected t o  give the optimum fue l  penetration. 
predicted penetration of the fue l  jets versus f l i g h t  Mach number. 

The number of holes and the  hole pa t te rn  
Figure 60 presents the 

The 
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1 r Fuel in jec t ion  from the inside - wall was not incorporated i n  t h i s  

design; this avoided t h m i _ c l a l t i e s n v _ o l v e d  i n  the a d d i t i o n z r o u t i n g  
of f u e l  t ha t  would be required i n  the t rans la t ing  spike. - - 

Fuel in jec tor  d e t a i l s  - The t o t a l  in jec tor  flow area is  sized t o  
provide m i n i m u m  back pressure __-- while Gchieving . - sonic inject ion - - pressure o r  
greater  a t  a l l  f l i g h t  conditionc-?”i.gure 59 shows the f u e l  manifold pressures 
required f o r  the supersonic- f u e l  injectors  a t  the  minimum a l t i t ude  condition -I-------- -_ 

decrements a t  the higher f l i g h t  a l t i tudes .  
a r e  autoignition l i m i t s  and blowout l i m i t s .  ’ 

Other important react ion ----- l i m i t s  

Data from the extensive experimental r e su l t s  reported i n  Reference 4 
on supersonic burners having c i rcu lar  cross sections form the  bas is  f o r  the  
mixing performance predicted f o r  the Hypersonic Ramjet Research Engine. 
The predicted mixing Derformnrrce of the supersonic combustor is b a s - e d i  
x r a p o l a t i o n  of component t es t  r e su l t s  and i s  supported by some ana ly t ica l  
mixing ca l cu la t ims .  

calculations reported i n  terms of&’ the  burner length divided by the 
burner i n l e t  hydraulic diameter. Mixing data from burners of d i f fe ren t  
size should correlate  on the basis  of L/D. 
in ject ion combustLrsAhatare- _ _  mixing rather  __ --- than -- - reac_tio_n_ limited --_ - a re  
kcalable i n  s ize ,as  long as  a l l  dimensions a re  scalrd and the nmber of 
f u e l  injectl’on points i s  herd constant. 
variable i n  this-transformation, and t h h  variable can be eliminated from 
+,he comparison by also transforming the pressure l eve l  under consideration. 

Figure 39 shows experimental dat 

The mixing performance of wall  

Re5;la.s number i s  the only 

For example, the mixing performance of a 3-inch diameter _ _  combustor a t  8 psia  
pressure should be ident ica l  t o  the mixing performance of a 1-inch diameter 
combustor with one-third of the length a t  24 psia pressure. 
turbulent mixing i s  t o  a large extent independent of Xeynolds number, t h i s  
pressure transformation is  not very important i n  the comparison,and very 
similar mixing would be expected a t  equal pressures. 

Since f r e e  

L A 
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This a b i l i t y  t o  sca le  supersonic conbustors i s  i n  contrast  t o  

combustor experience i n  general, where e i t h e r  a l l  dimensions a r e  not scaled,  
o r  s ign i f icant  react ion l imi ta t ions  a re  present.  
when decreasing the diameter of a hydrocarbcn-fueled ranrjet combustor t o  
decrease the nmber of f u e l  in jec tors  and flameholders, r a the r  than t o  
decrease the dimensions of the flameholder and the length of the burner. 
Reaction l i m i t s  prevent reducing the flameholder size,and the  rigorous 
scal ing c r i t e r i a  f o r  mixing a re  not met. 

For example it is  common 

In  addi t ion t o  s i ze  extrapolation the question of annular versus 
c i r cu la r  cross  sect ion must be considered. Reasonable cor re la t ions  should 
be expected when based on hydraulic diameters. 

Figure 61 compares a c i r cu la r  burner cross sect ion with a sec tor  of a 
The flow areas two-dimensional passage having the same hydraulic diameter. 

pictured a r e  equa1,and the f u e l  in jec tors  penetrate the same distance i n  
the  two configurations.  The distance between the  v i r t u a l  sources of the 
f u e l  a r e  very nearly equal. Since the distance between f u e l  sources controls  
t he  lengths required f o r  mixing, very s imilar  mixing performance would be 
expected f o r  equal lengths with these two combustor configurations. 

The v a l i d i t y  of these mixing generalizations i s  strongly supported by 
the  nearly iden t i ca l  s t a t i c  pressure f i e l d s  measured experimentally and 
shown i n  Figure 25 f o r  two qui te  d i f f e ren t  configurations. 
configurations were designed t o  have s imilar  mixing cha rac t e r i s t i c s .  

These two 

The extensive t e s t  data taken a t  General Elec t r ic  on supersonic 
combustors i n  1964 and 1965 (Reference 4)  was f o r  burners with an L/D- 

S O c  
number but is  at an L/D of 10 o r  grea te r ,  jus t i fy ing  the  appl icat ion of 
the  measured performance data from Reference 4 t o  the  preliminary design 
engine. 
incomplete mi- of f u e l  a-nd-air, but also-:the e f f ec t s -o fxe loc i ty  and 
temperature lsrof i l e s  . The performance was determined by ana ly t ica l ly  
e x F a x S h r o t l g h  a hypothetical exhaust nozzle the individually measured 
conditions a t  many points i n  the  burner e x i t  stream. The-_combustion 
effici-eacy-of-a uniform stream producing the same th rus t  i n  t h i s  
hypothet.ical._nozzle - _- is  the e f f ic iency  used i n  the  cycle calculat ions.  
This method of performance determination was discussed i n  d e t a i l  i n  
Reference 4. 

The burner i n  the preliminary design var ies  with f l i g h t  Mach 

This _L- measured performance includes not only the  e f f e c t  of 

Figures 62, 63, 64 a n a 6 5  pr-esent the combustion_-eff iciencggs-used 
-ie_the::Gle calculat ions.  
the minimun? i n  the performmce curve near stoichiometric is  associated 
with the  need fo r  nearly complete mixing a t  s toichionetr ic  conditions. 
_There duc ed -Ee rco q a n c  e at -higk a ltit udes isi-prsd- n-chemical 
kineLiccaJculations.  
calculat ions t o - s c c o u d  a l so  f o r  the-reduced f ine-scale mixing t h a t  occurs 

Jus t  a s  WltE txe subsonic burner<ff iciencl'es, 

Conservative rate-constants were used i n  these 

aE3WTower xem5- hers- - - - - - 
__- -- 

\ -  
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Chemical kine t ics  calculat ions based on freezing POW c r  iter i n  
indicate  t h a t  the composition i s  frozen-in the e&g-xLmz- f Jigh t 
conditions. 
t i o n  takes place i n  the  subsonic burner region, - resu l t ing  i n  equilibrium - 
Eonditions a t  -____ the  exhaust -- - nozzle throa t .  Cycle calculat ions account f o r  t h i s  
by assuming recombination t o  the nozzle i n l e t  a t  low a l t i t u d e s .  
a l t i t u d e s  frozen composition-is assumed at_the--supersonic burner e x i t  without 
fur ther  recombinatikn i n  the subsonic burner. 
decrements account f o r  the  i n a b i l i t y  t o  obtain recombination i n  the  l a t t e r  

A t  low a l t i t u d e s a n d  high f l i g h t  speeds, s ign i f icant  recombina- 

l t  higher 

Combust ion ef f iciency 

por t  ions of t he  * h€?stxl-es---- 

Figure 66 presents a curve representing t h e  thermodynamic equilibrium 
conditions i n  stoichiometric hydrogen-air combustion products. The 
theo re t i ca l  equilibrium conditions a t  the burner e x i t  a t  Mach 8 f l i g h t  along 
the  B-B t r a j ec to ry  i n  the  preliminary design engine a re  shown on t h e  curve. 
The theo re t i ca l  dissociat ion l eve l  i s  shown a t  both the supersonic burner 
e x i t  and the subsonic burner ex i t ,  i l l u s t r a t i n g  the amount cf recombination 
achieved i n  t h i s  region and the  heat s t i l l  unreleased a t  the exhaust nozzle 
i n l e t .  The dissociat ion l e v e l  i s  p lo t ted  a s  (unreleased,heaLaLdissQciation) - _c ---- 
d i .  h -slue of tIGXieIb-*-- 
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The theo re t i ca l  dissociat ion l eve l  t h a t  would e x i s t  a t  the  sonic 
throa t  of a subsonic burner i s  shown f o r  comparison with the theo re t i ca l  
dissociat ion l e v e l  a t  the end of the supersonic burner. 

The overa l l  performance of the  engine is  affected by the  r a t e  of 
heat re lease a s  well  as  by the combustion eff ic iency.  
the heat re lease  r a t e  predicted from mixing equations 
cycle calculat ions.  , 

Figure 67 presents 
t h a t  is  used i n  the  

Experimental r e s u l t s  from ___I_-- two-dimensional - burner t e s t s  (Reference 5 )  
indicate  t h a t  the burner low pressure blcwout-_limits-will exceed the  
a>-itude--limits- of the  X-15 f l i g h t  t e s t  vehicle.  
o'j-f-te burner=-- l imited to' conditions somewhat below the maximum 
a l t i t u d e .  Further component t e s t i n g  w i l l  e s t ab l i sh  t h i s  l i m i t .  

However, autoigni t ion 

Chemical k ine t i c  calculat ions a re  not very appropriate f o r  predict-  
ing autoigni t ion o r  combustion l i m i t s .  Igni t ion and flame s t a b i l i t y  a r e  
associated with l o c a l  conditions of s t a t i c  temperature and pressure, higher 
than the  one-dimensional f r e e  stream conditions. Component t e s t s  i n  1963 
establ ished t h a t  combustion could be sustained without flameholders wiTh 
a i r  and f u e l - t o t a i - ~ e r n p ~ ~ a t - u r ~ s  b e l o w  those r equ i r ex  f o r  autoigni t ion.  
m-c flaG propagated by turbulent  diffusion from separated rec i rcu la t ion  
regions next t o  the walls, Other t e s t s  demnst ra ted  t h a t  supersonic 
burners which would not +toignite would remain s tab le  oncs they were 
lit. Fuel in-1 t o  the a i r  stream creates  l o c a l  high-pressure, 
hi@-temperature regions i n  which autoigni t ion can occur, thus permitt ing 
i n i t i a l  i g n i t g n  ___ .__- o f - t E s t r e a m  -- even-though the  one-dimensional s t a t i c  
temperatures a re  too low._ Once a burner is lit the pressure r i s e  
create 'd-bythe combustion process helps t o  s t a b i l i z e  the f i r e  by the 
c rea t ion  of s t a t i c  temperature l eve l s  i n  the autoigni t ion range. 
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The predicted ign i t ion  delays calculated from experimental data 
r 

/ are  shown i n  Figure 68. 

over aowide range of Mach numbers i n  the presence of pressure rises. 

The e f f ec t  of pressure r i s e s  i n  the freestream flow 
/ I indicated t o  i l l u s t r a t e  t h a t  autoignition charac te r i s t ics  a re  a t ta inable  

, 

Et  is  expected _that_the burner-An--the preliminary design engine w i l l  
autoignite a t  f l ight-condi t ions of Mach 6 and above. 
with _--1 componenttest_experience. - - -- 
autoignite \- -I_- th roughthe  normal shock wave tha t  w i l l  ex i s t  in-the supersonic 
burner region becauseQfAke back gress-ted-by-the subsonic burner. -- - 

Figure 69 i l l u s t r a t e s  the posit ion of a one-dimensional normal shock 

This is consistent --_ 
A%-MacL~-conditions&he f u e l  w i l l  

i n  the  supersonic burner when the subsonic burner i s  operating. In 
subsonic combustion mode, a shock recovery process ex i s t s  i n  the d i f fuser  
section upstream of the burner. 
temperature and pressure conditions sui table  f o r  auto-ignition a t  M = 5 
f l i g h t .  
i n  the  d i f fuser ,  it is seen t h a t  th i s  shock recovery process i s  a s ign i f icant  
a i d  i n  obtaining autoignition when t ransi t ioning t o  supersonic mode a t  M = 5 
conditions. 
calculated t o  be near the  end of the supersonic burner. 
conditions autoignition is  expected a t  the f u e l  in jec tor  s t a t ion .  

This recovery process creates  s t a t i c  

From the posi t ion of a hypothetical one-dimensional normal shock 

A t  Mach 6 fl ight conditions the shock recovery process is  
However, a t  Mach 6 - 

Burner contour - Highest cycle performance i s  accomplished by burning 
i n  the  smallest possible area,  thus releasing the  heat-at-J_the-highe.st 
possible s t a t i c  pressure and s t a t i c  temperature. 
d s e n - - >  flow areas a t  d i f fe ren t  f l i g h t  Mach numbers. A t  the  
optimum high temperatures and pressures a s ignif icant  quantity of 
dissociated species which prevent the complete conversion of the f u e l  
heating value in to  sensible temperature ex i s t s  a t  the equilibrium conditions. 
The downstream end of the  combustor --- i s  made divergent - _ _  t o  provide e f f i c i e n t  
&YYm%jTatA&m a s  the - s t a t i c  temperature-fallsTn-the diverging supersonic 
flow. 

Optimization requires 

;c\------ - 

A t  very high f l i g h t  speeds, above M = 8.0, the m o s t  e f f i c i en t  cycles 
in j ec t  f u e l  and begin combustion i n  the minimum throat  area provided by 
the  engine i n l e t  system. However, i n  the  f l i g h t  range from M = 6 t o  8, 
stoichiometric combustion a t  the i n l e t  throat  theore t ica l ly  must r e s u l t  i n  
a reduction i n  engine airflow, i .e . ,  increased i n l e t  sp i l lage  o r  an i n l e t  
unstar t .  The supersonic combustor i n  the engine design, therefore,  begins 
with an i n i t i a l  divergence from the i n l e t  throat .  

Figure 70 presents the theore t ica l  equivalence r a t i o  l i m i t  t h a t  can 
The curve f o r  the design contraction be burned i n  the inlet .  throat  area.  

r a t i o  shows tha t  a t  Mach 6 f l ight  conditions, burning above an equivalence 
r a t i o  of 0.3 i n  the i n l e t  throat  area is  not permissible. 
burner is  required. 
r a t i o s  a re  permissible. 
burning a t  the throat  cannot be accomplished with any contraction a t  Mach 6, 
a curve is shown f o r  burning i n  the freestream a i r  without any i n l e t  
contraction, a contraction r a t i o  of1.0. Even a t  t h i s  extreme condition 
constant-area stoichiometric burning is  not possible; the inlet  flow w i l l  

Thus a diverging 
A t  reduced contraction r a t io s  greater  equivalence 

To i l l u s t r a t e  t ha t  constant area stoichiometric 

8 
I 

1 
I 
8 
I 
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Further,  def in i t ion  of t he  ea r ly  portion of the burner contour was 
establ ished w i t h  the  multistream cycle program. 
adjusted so t h a t  the predicted heat re lease r a t e  a t  Mach 8 f l i g h t  conditions 
d id  not r e s u l t  i n  calculated flow Mach numbers a s  low a s  sonic anywhere 

The burner contours were 
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be forced t o  s p i l l  o r  occupy a l a rge r  flow area.  
1 

A t  Mach 8, stoichiometric burning is theore t ica l ly  j u s t  permissible 
a t  t he  design contraction r a t i o  assuming a f r i c t i o n l e s s  combustor. 
t i o n  of f r i c t i o n  loss  would require a reduction i n  equivalence r a t i o .  

Introduc- 

Achieving the  minimum performance required by NASA a t  Mach 8 f l i g h t  
conditions requires t h a t  th burner be optimized f o r  Mach 8 opera t ion . - .LL 
was not, however, p r a c t k a U o -  desJgn t o  t h i s  t heo re t i ca l  l i - m i t  of constant 
arkaa%-%xe-throat. Fr ic t ion  loss ,  i n l e t  boundary layer  separation, acd 

burner diverge from the i n l e t  th roa t  area.  
%&miform-fuel-or a i r  flow around the circumference require  t h a t  the  Mach 8 

A s  f l i g h t  Mach number changes, the i n l e t  spike t r ans l a t e s  t o  the  
pos i t ion  providing the optimum i n l e t  contraction r a t i o  f o r  t h a t  f l i g h t  
condition. This same t r ans l a t ion  is  u t i l i z e d  t o  provide var iable  geometry 
through the supersonic burner. The r a t e  a t  which the  area r a t i o  changes 
with t r ans l a t ion  distance i s  affected by the angle toward the engine 
center l ine  t h a t  is  selected f o r  the burner passage. A horizontal  burner 
maintains constant area with spike t rans la t ion .  
cen ter l ine  results i n  a decreasing burner discharge area with rearward 
t rans la t ion .  Thus the la rge  burner area r a t i o s  required a t  M = 5 and 
M = 6 flight Mach numbers a re  reduced a t  M = 8 f l i g h t  conditions by the 
rearward i n l e t  spike t r ans l a t ion  t o  the Mach 8 design posi t ion.  

A l a rge  angle toward the  

This var iable  area r a t i o  charac te r i s t ic  f o r  t he  upstream port ion af 
t he  burner is  shown by the dotted l i n e  i n  Figure 71. 

The area r a t i o  of the downstream portion of the burner is designed 

Recombination continues 
This f i n a l  d ivgrsEcx 

t o  provide recombination a t  Mach 6 f l ight  conditions i n  a diverging passage 
as the  f i n a l  mixing of f u e l  and a i r  progresses. 
through the  subsonic burner region of the  engine. 
i n  the  supersonic--burner begins a f t e r  a subs tan t ia l  port ion of the 
cofilbustTon has been completed and a f t e r  a s ign i f icant  s t a t i c  pressure rise 
has been achieved. 
burner i s  important not only because of i t s  d i r e c t  e f f e c t  on the cycle 
but also because the g&verse_static_pressure - - -  i..-- gradient -._ _--- increases the  
mixing r a t e  of theAue_l_a_ndairL_ 

Obtaining subs tan t ia l  pressure r i s e  ea r ly  i n  the  
- 

- >  - 

----- 

L 
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Figure 72 shows the  flow areas through the burner region a t  Mach 8 

conditions. 

Combustor Interact ion With I n l e t  and Nozzle 

1 

The in te rac t ion  e f f ec t s  between the combustor and nozzle with respect t o  
p r o f i l e  and recombinotion a re  t rea ted  i n  the cycle analysis .  
interact ions between the i n l e t  and combustor ore more complex but a re  a l so  
t r ea t ed  within the  cycle insofar os  they can be defined. 
f o r  steady s t a t e  operation and the t rans ien t  problems must be ve r i f i ed  by 
component t e s t ing .  

Tne 

The ac tua l  l i m i t s  

Nozzle Interact ion - Cycle calculations-treat the- recombinationLhrmgh 
the  combustor and nozzle by freezing.po&t_ assunptions. Calculations not 
i a u d e d  in3Fue-F FoZGm-determine the flow area i n  the  combustor-nozzle 
region a t  which the  composition e f fec t ive ly  freezes;  t h i s  area is  then input 
t o  the  program. 

-- 

The qo&ustion eff ic ieocy accounts f o r  - _- the  - -_I_- e f fec t s  of ma;lorprofile 
----_-\_ - -- 

e=tj, since the combustion eff ic iency was based on experimental data i n  
which the  p r o f i l e  was ana ly t ica l ly  expanded through a hypothetical  exhaust 
nozzle t o  determine i t s  thrust-producing poten t ia l .  

The-ndary Layer along the  wall- i s t r e a t e d ,  independently of the  
freestream flow i n  the  _ _  multistream - program, providing an ana ly t ica l  approach 
w z h i n  t h e  cyclegrogram f o r  t r ea t ing  the e f f e c t  of the - combustor boundary 
layer  on the  exhaust-nozzle performance. 

Experiments were conducted i n  1965 (Reference 4 )  on combustor-nozzle 

The t e s t s  a l so  
combinations; t h i s  t e s t i n g  indicated t h a t  very 1 i t t l L L a a e  sca le  mixing-of 
c m - o s i t i o n  or-momentum t a k e i p l a c e  i n  the exhaust nozzle. 
showed t h a t  the  composition a t  the  end of t he  
samples, was consis tent  with the theore t ica l  equilibrium dissociat ion l e v e l  
calculated f o r  t he  conditions a t  the  burner e x i t .  This was-also -- consis tent  
W W  e k i n e t i k - c a l c u l a t i o n s  which predicted f r e e z - h ~  of _the 
composition attheexhausk-nozzk-inlet. 

---- 

nozzle, measured by gas 

Interact ion with i n l e t  - The cycle calculat ions,  both one-dimensional 
and multistream, provide indications of excessive engine choking if the 
'combustor under analysis  burns too much f u e l  i n  too small a flow area t o  
be consis tent  with inlet  flow propert ies .  Calculations not included within 
the  cycle program,such as  those indicated i n  Figure 70 and 71,als.o provide 
indicat ions of t he  inlet-combustor l imi ta t ions .  These theo re t i ca l  thermo- 
dynamic l i m i t s  a r e  modified by experimental indications of l imi ta t ions .  

Figure 73 shows a comparison of eqe r imen ta l  data from i n l e t s  and 
combustors. 
of the  inlet  throa t  s tep.  This pressure must be high enough t o  assure 
good burner t h rus t ,  but must not exceed burner o r  i n l e t  s t a b i l i t y  o r  
choking l i m i t s .  
ca lculated pressure rise r a t i o  from the i n l e t  th roa t  t o  the  combustion 
region immediately downstream of the  throa t  s t e p  a s  used i n  the  cycle 

This f igures  shows the  operating pressure l e v e l  i n  the  region 

The lower s o l i d  curve on t h i s  char t  represents the 
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performance calculations.  The burner t e s t  r e su l t s  from the two-dimensional 
burner t e s t s  (Reference 5 )  indicate tha t  the cycle values a re  conservative. 
The th ro t t l ed  i n l e t  data curve indicates t ha t  the  burner pressure r i s e  curve 
is within the pressure rise capabi l i ty  of the i n l e t .  

Angle of a t tack e f fec ts  must a lso be considered in  the interact ion 
l imi t s  between the combustor and nozzle. The e f f ec t  i s  a small perturbation 
based on the circ-mferent ia l  d i s t r ibu t ion  of flow around the engine inlet  
th roa t .  

Transient conditions involve interact ion problems t h a t  have not yet  
been experimentally studied. 
t rans i t ion ,  burner ignit ion,  and may be caused by any mechanical vibration 
o r  f l u i d  dynamic osc i l la t ions  which may be present. 

These problems occur during burner mode 

Experimental e f f o r t  is  planned ear ly  i n  the  Phase I1 development 

These data and steady s t a t e  combustion data would be compared 
program t o  investigate pressure t ransients  during igni t ion i n  component 
t e s t s .  
with inlet  capabi l i ty  a s ' i n  Figure 73. Only a f t e r  i n l e t s  and combustors 
a r e  t e s t ed  i n  combination w i l l  it be possible t o  completely evaluate the 
interact ion problems. 

Mode Transition 

Transit ion between subsonic combustion mode and supersonic combustion 
mode i s  accomplished simply by opening the valves fo r  tk f u e l  injectors  
i n  the supersonic burner. 

I n i t i a l  autoignition of the f u e l  a t  Mach 5 f l i g h t  conditions occurs 
through the normal shock recovery process tha t  ex is t s  i n  the d i f fuser  region 
upstream of the supersonic combustion (Figure 69). As the  f u e l  flow gradually 
increases in to  the supersonic injectors ,  the igni t ion point o r  flame 
s tab i l iza t ion  point moves upstream towards-'the f u e i  injectors .  
f u e l  t o  the  subsonic burner decreases, the shock recovery process i n  the 
d i f fuser  i s  no longer supported by the  subsonic burner back pressure, and 
the pressure r i s e  process i n  the  supersonic burner is  due only t o  the 
combustion from the supersonic burner f u e l  inject ion.  

As the  

' A t  Mach 6 conditions the f u e l  autoi@;rites in the supersonic burners 
without benefi t  of the shock recovery process i n  the d i f fuser  upstream of 
the subsonic combustion. 

The engine control system (Reference 10) provides the  means f o r  
accomplishing t r ans i t i on  a t  the desired f l i g h t  condition, and a reverse 
t r ans i t i on  back t o  subsonic mode can also be accomplished. 

L J 
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COLD FLOW TUNNEL TESTS 

FIGURE .31: S C H L I E R E N ,  C O N F I G U R A T I O N  V I ,  A R C  
TUNNEL TEST RUN No. 70 
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--- 

Figure 32. Photograph - Arc Tunnel Test Run No. 75, Hydrogen 
Combustion 
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Figure 33 - Helium Penetration Using Distributed 
Continuous Light Source. 
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Fizure 52: Enzine Flow Path 
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